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THE  MISSION  OF  AGARD 


The  mission  of  AGARD  is  to  bring  together  the  leading  personalities  of  the  NATO  nations  in  the  fields  of 

‘ science  and  technology'  relating  to  aerospace  for  the  following  purposes; 

* 

- Exchanging  of  scientific  and  technical  information; 


— Continuously  stimulating  advances  in  the  aerospace  sciences  relevant  to  strengthening  the  common  defence 
posture; 

— Improving  the  co-operation  among  member  nations  in  aerospace  research  and  development; 

— Providing  scientific  and  technical  advice  and  assistance  to  the  North  Atlantic  Military  Committee  in  the 
field  of  aerospace  research  and  development; 


- Rendering  scientific  and  technical  assistance,  as  requested,  to  other  NATO  bodies  and  to  member  nations 
in  connection  with  research  and  development  problems  in  the  aerospace  field; 


~ Providing  assistance  to  member  nations  for  the  purpose  of  increasing  their  scientific  and  technical  potential; 


- Recommending  effective  ways  for  the  member  nations  to  use  their  research  and  development  capabilities 
for  the  common  benefit  of  the  NATO  community. 

The  highest  authority  within  AGARD  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior 
representatives  from  each  member  nation.  The  mission  of  AGARD  is  carried  out  through  the  Panels  which  are 
composed  of  experts  appointed  by  the  National  Delegates,  the  Consultant  and  Exchange  Program  and  the  Aerospace 
Applications  Studies  Program.  The  results  of  AGARD  work  are  reported  to  the  member  nations  and  the  NATO 
Authorities  through  the  AGARD  series  of  publications  of  which  this  is  one. 


Participation  in  AGARD  activities  is  by  invitation  only  and  is  normally  limited  to  citizens  of  the  NATO  nations. 
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EDITOR'3  INTRODUCTION 

A majority  of  military  optical  syat^ma  operate  in  the  atmosphere  and  theli  performance  is  often  de- 
graded by  weather.  For  several  decades  researchers  have  studied  in-depth  the  performance  limitations 
Imposed  oy  the  atmosphere  and  devised  techniques  to  get  around  these  problems.  The  purpose  of  th’.s 
symposium  was  to  bring  together  and  update  our  understanding  of  atmospheric  optical  propagation,  pre- 
sent a comprehensive  review  of  the  state-of-the-art,  and  provide  interaction  among  the  key  researchers 
in  the  NATO  conununity..^ 


I believe  the  reader  will  UM  that  the  proceedings  of  this  conference  fulfill  this  goal.  Some  of  the  papers 
presented  included  topics  iK^usually  covered  ir.  previous  unclassified  meetings,  in  particular,  nonlinear 
propagation  with  high  power  Ihsers,  and  adaptive  optics  techniques  to  overcome  blurring  by  turbulence. 


The  conference  was  organised  in  five  sessions,  in  the  following  logical  order.  Session  i,  "Atmospheric 
Characteriaation",  dealt  with  the  physics  of  the  atmosphere  and  the  models  available  to  predict  opUcal 
propagation.  Session  2,  "Incoherent  Propagation",  and  Session  3,  "Coherent  Propagation",  presented 
theoretical  and  experimental  results  regarding  propagation  of  light  from  conventional  sources  and  lasers 
respectively.  Session  4,  "Non-Linear  Propagation",  was  one  of  the  rare  unclassified  sessions  \/hich 
dealt  with  theory  and  experiments  with  high  power  lasers  and  their  nonlinear  effects  in  the  atmosphere. 
Finally,  Session  5,  "Propagation  Limitations  on  Systems",  was  intended  to  illustrate  the  effects  of 
atmospheric  limitations  on  a few  typical  unclassified  military  systems  and  some  of  the  techniques  pro- 
posed to  overcome  these  limitations. 

A review  of  each  session  by  its  chairman  or  one  of  the  panel  members  follows  with  a summary  of  salient 
features  and  the  remaining  problems. 
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SUMMARY 


The  optical  modelling  of  the  atmosphere  requires  both  a knowledge  of  the  physical  properties  of 
I the  atmosphere  as  well  ns  the  spectroscopic  properties  of  the  gases  and  particulates  of  which  It  Is  com- 

posed. In  thla  paper  we  will  first  discuss  the  pertinent  atmospheric  properties  of  temperature,  pressure 
V and  constituent  distributions.  He  will  then  describe  the  AFCRL  Atmospheric  Absorption  Line  Parameters 

Compilation,  Indicating  the  requirements  for  suck  a data  compilation  and  some  of  the  omissions  and  un- 
f certainties.  The  Llne-by-Llne  transmittance  calculation  technique  will  then  be  described,  Indicating  the 

capability  of  this  technique  for  use  In  laser  propagation  studies  as  well  as  low  spectral  resolution 
i applications.  The  LOHTRAN  computer  model  will  be  presented  together  with  an  Indication  of  Its  limitations, 

y 

L.  INTRODUCTION 


Optical  systems  for  military  applications  operate  In  the  ultraviolet  visible  and  infrared  parts 
of  the  spectrum.  In  order  to  understand  the  propagation  characteristics  of  the  atmosphere  for  radiation 
In  this  broad  spectral  region,  It  Is  necessary  to  understand  the  details  of  molecular  extinction  process- 
es (both  absorption  and  scattering)  as  well  as  the  details  of  aerosol  absorption  and  scattering  processes 


Beer's  law  for  linear  propagation  of  monochromatic  radiation  at  frequency  v In  a homogeneous 
medium  can  be  expressed  as  follows: 


dl(X,V) 

dX 


- Y(V)  I (X,  V) 


(1) 


where  I(X,  v)  Is  the  Intensity  of  the  radiation  at  distance  X and  y(v  ) Is.  the  attenuation  coefficient. 


Transmittance  of  radiation  In  the  atmosphere  Is  complex  owing  to  the  dependence  of  scattering 
and  absorption  coefficients  on  a number  of  different  physical  properties  of  the  atmosphere  (Goody,  196A) . 
Solving  Equation  1,  we  have  for  the  monochromatic  radiation  observed  at  distance,  X,  from  the  source; 

KX.V  ) - I(0,V  ) T (2) 

where  1(0, v ) is  the  intensity  of  radiation  at  the  source,  and  T Is  the  monochromatic  transmittance 
which  Is  given  by 


T - exp  (-YX)  (3) 

where  Y an  attenuation  coefficient  and  X Is  the  length  of  the  path  traversed  by  the  radiation.  The 
attenuation  coefficient  (y)  is  given  by 

Y " 0+k  (4) 

where  a Is  the  scattering  ccafflclent  and  k Is  tho  absorption  coefficient.  Equation  3 is  only  strictly 
valid  when  applied  to  monochromatic  radiation. 

The  scattering  and  absorption  coefficients  defined  In  Equation  4 depend  on  both  the  constituent 
molecules  and  aerosols  In  the  atmospheric  path.  If  electro-magnetic  radiation  Ic  Incident  on  a molecule 
or  an  aerosol,  a portion  of  the  radiation  Is  absorbed  and  the  rest  is  scattered  In  all  directions.  Thus 
we  must  make  the  following  definitions: 


o - 0„+  a (4a) 

in  s 

k - k^  + k,  (4b) 

m ft 

where  the  subscripts,  m and  a.  Indicate  molecule  and  aerosol  respectively.  In  order  lo  compute  the  atten- 
uation quantatlvely.  It  Is  necessary  to  co'.isider  all  four  of  the  quantities  defined  In  Equations  (4a)  and 
(4b). 

The  molecular  scattering  coefficient  depends  only  on  the  number  density  of  molecules  in  the 
radiation  path,  whereas  the  molecular  absorption  coefficient  Is  a function  of  not  only  the  amount  of  nb- 
sorblng  gas,  but  also  the  local  temperature  and  pressure  of  the  gas.  The  wavelength  dependence  of  molecular 
(Rayleigh)  scattering  Is  very  nearly  o The  variation  of  the  molecular  absorption  coefflt  'nt  with 

wavelength  is  much  more  complicated,  bAng  a highly  oscillatory  function  of  wavelength  due  to  th.  .esence 
of  numerous  molecular  absorption  band  complexea  as  la  Indicated  In  Figure  1.  These  band  complexes  re.'ult 
for  the  most  part  from  minor  atmospheric  constituents.  The  responsible  molecules  are  (In  order  of  lmpw~*-' 
ance):  Ha  0,  CO  a.  Os,  NIO,  CO,  Oa,CHi,,  Ng.  All  of  these  molecules  except  for  HaOand  Os  are  assumed  to 
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bn  uniformly  nixed  by  volume  In  the  transmittance  calculations  we  will  present. 

The  quantities  and  depend  on  the  number  density  and  size  distribution  of  aerosols  as  v*ell 
as  on  their  complex  index  of  refraction.  A thorough  discussion  of  aerosol  effects  will  be  given  by  Shuttle 
and  Fenn  elsewhere  In  this  meeting,  so  we  will  limit  our  detailed  discussion  to  molecular  absorption  effects. 

In  order  to  model  the  optical  properties  of  the  atmosphere,  It  Is  necessary  to  study  and  under- 
stand the  spectral  properties  of  the  ap  iroprlate  molecules  and  aerosols  and  in  addition.  It  Is  necessary 
to  define  the  atmosphere  In  terms  of  constituent  distributions,  temperature  and  pressure.  Concerning  the 
problem  of  molecular  absorption.  It  is  required  that  we  know  the  frequencies.  Intensities,  widths  and 
shapes  of  all  spectral  lines  In  the  region  of  interest.  In  addition  we  must  be  able  to  model  or  measure 
the  distributions  of  water  vapor,  ozone,  and  the  other  absorbing  atmospheric  gases  as  well  as  temperature 
and  pressure  along  the  intended  atmospheric  path.  An  uncertainty  in  the  definition  of  the  physical  pro- 
perties of  the  atmosphere  can  affect  the  computed  atmospheric  transmittance  In  much  the  same  way  as  an 
uncertainty  in  the  parameters  defining  the  absorptive  properties  of  a particular  molecule. 

In  order  to  provide  a base  for  transmittance  modelling,  we  will  discuss  the  variability  and  un- 
certalntiea  In  physical  models  of  the  atmosphere.  We  will  then  describe  the  AFCRL  Atmospheric  Absorption 
Line  Param<':cers  Compilation,  1 .dlcatlng  the  requirements  for  such  a data  compilation  and  some  of  the 
remaining  >mlsslons  and  uncertainties.  The  Llr.a-by-Llne  (LBL)  transmittance  calculation  technique  will  be 
briefly  described  and  some  results  pertinent  to  laser  propagation  will  be  presented.  The  use  of  the  LBL 
approach  t-  low  spectral  resolution  transmittance  modelling  will  be  discussed  as  well  as  cO'u’V  resolu- 
tion techniques  In  which  the  line  parameters  compilation  can  be  used  directly.  A dlscussiott  . ( it  LOWTRAN 

model  will  be  presented  with  an  emphasis  on  the  accuracy  and  efficiency  cf  the  model  for  sysf.cm  api  ilcatlons. 

2.  ATMOSPHERIC  MODELS 

2.1  Standard  Atmospheres 

A series  of  six  standard  atmospheres  are  described  by  McClatchey,  et  al  (1972)  In  terms  of  height, 
pressure,  temperature,  density,  water  vapor  density  and  ozone  density.  With  the  exception  of  the  water 
vapor  and  ozone  distributions,  these  models  are  taken  directly  from  the  U.S.  Standrrd  Atmosphere  Supplements, 
1966  and  the  Handbook  of  Geophysics  and  Space  Environment,  (Valley,  1965).  The  water  densities  above 
11  km  were  taken  from  Slssenwlne  et  al  (1968) . Three  of  these  model  atmospheres  are  summarized  In  Figures 

2 and  3 and  the  details  for  the  U.S.  Standard  Atmosphere  are.  provided  in  Table  1.  More  details  can  be 

found  in  the  references  cited  above. 

2.2  Composition 

Table  2 provides  concentrations  of  a number  of  additional  atmospheric  constituents  (water  and 
ozone  are  already  covered  in  the  standard  atmospheres). 

TABLE  2.  Concentrations  of  "Uniformly  Mixed  Gases"  in  Dry  Air  Near  Sea  Level 
Constituent  ppm  by  volume 


COz 

322 

NzO 

0.27 

CO 

0.19 

CH4 

1.5 

0 z 

2.10  X 10 

These  constituents  have  been  referred  to  by  many  as  the  "uniformly  mixed"  gases  and  values  provided  in 
Table  2 represent  a mean  value.  Although  the  major  atmospheric  constituents  Nz  and  Oz,  can  reasonably  be 
assumed  to  be  uniformly  mixed,  the  mixing  ratios  of  many  other  minor  constituents,  many  of  which  are 
Important  absorbers  of  infrared  radiation,  in  some  cases  show  temporal  and  spatial  variations.  Although, 
Nz  and  Oz  compose  the  bulk  of  the  atmosphere,  they  are  of  minor  Importance  to  atmospheric  propagation 
due  to  their  tack  of  absorption  properties  In  the  Infrared.  The  following  discussion  on  the  temporal  and 
spatial  variability  of  the  gases  listed  In  Table  2 has  been  largely  taken  from  Cadle  (1974) . 

2.2.1  CO z (322  ppmv  as  a mean  value) 

The  mixing  ratio  of  COz  In  the  atmosphe  e Is  Increasing  by  about  0.2  percent  per  year.  Bolin 
and  Blschof  (1970)  found  that  the  mixing  ratio  decreased  In  the  stratosphere  by  about  0.6  ppmv  compared 
with  the  troposphere.  At  sea  level  the  mixing  ratio  is  slightly  less  In  the  polar  regions  than  in  other 
regions,  and  higher  In  urban  than  rural  areas.  In  the  northern  hemisphere  the  COz  mixing  ratio  has  sea- 
sonal oscillations  of  6-9  ppm  at  the  earth's  surface. 

2.2.2  NzO  (0.27  ppmv  in  troposphere) 

The  mixing  ratio  Is  relatively  constant  In  the  troposphere  both  with  space  and  time,  but  de- 
creases in  the  stratosphere  to  a value  of  about  0.1  ppmv  at  18  kn. 

2.2.3  CO  (0.19  ppmv  as  mean  sea  level  value) 

The  mixing  ratio  of  CO  has  been  found  to  be  variable  both  with  time  and  space  and  values  ranging 
between  0.05  and  0.25  ppmv  at  sea  level  have  been  reported.  Concentrations  are  higher  In  urban  areas  than 
In  rural  areas  and  CO  appears  to  be  present  In  higher  concentrations  at  night  than  during  the  day.  A 
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good  mean  tropospheric  value  appears  to  be  0.13  ppmv  dacraasln!^  to  a value  of  0.04  ppmv  In  the  lover 
stratosphere. 

2.2.4  CH4  (1.5  ppmv  near  sea  level) 

The  nixing  ratio  of  CH4  appears  to  be  fairly  constant  near  sea  level,  and  In  much  of  the  tropo- 
sphere (although  only  a small  number  of  measurements  are  available) . Above  the  tropopause  methane  oe- 
creases  rapidly  to  a value  of  about  0.25  ppmv  at  SO  kn. 

Limited  Information  Is  available  on  a number  of  additional  trace  gases  and  Is  summarised  In  the 
report  by  Cadle  (1974).  The  resulting  absorption  by  these  trace  gases  Is  expected  to  be  sufficiently 
small  that  they  vlll  be  dominated  by  the  other  gases  mentioned  In  the  troposphere.  For  higher  altitudes 
(above  10  km),  a good  summary  of  the  altitude  variation  of  various  gases  Is  given  In  Figure  4,  which  la 
taken  from  T.  Hard  (1974). 

It  can  be  seen  from  the  discussion  provided  here  that  transmittance  models  will  be  limited  to 
some  extent  by  the  uncertainties  In  atmospheric  models.  For  accurate  predictions  of  transmittance  and 
for  the  checking  of  models  against  experimental  data  all  of  these  parameters  should  be  measured  In  con- 
junction with  optical  transmittance  measurements. 


3.  ABSORPTION  LINE  COMPILATION 


In  order  to  accurately  compute  the  monochromatic  transmittance  of  the  atmosphere,  we  must  first 
obtain  accurate  data  describing  the  frequencies,  intensities  and  line  shape  of  all  absorption  lines 
affecting  the  attenuation  at  the  frequency  In  question.  If  our  aim  Is  to  develop  this  monochromatic 
capability  throughout  the  visible.  Infrared  and  microwave  regions  of  the  spectrum,  we  must  then  develop 
a compilation  based  on  certain  constraints  dictated  by  atmospheric  abundances. 

About  7 years  ago  an  effort  was  Initiated  at  AFCRL  with  the  aim  of  providing  a complete  set  of 
data  for  all  vibration-rotation  lines  of  all  naturally  occurring  molecules  of  significance  In  the  terres- 
tlal  atmosphere.  With  such  data  at  hand.  It  would  be  possible  to  compute  the  transmittance  appropriate 
for  atmospheric  paths  by  first  computing  the  monochromatic  transmittance  many  times  In  a finely  spaced 
frequency  grid  and  then  degrading  the  results  to  any  appropriate  spectral  resolution.  The  monochromatic 
results  would  directly  represent  the  atmospheric  transmlttavice  of  laser  radiation.  Up  to  now  the  following 
molecules  have  been  Included  In  this  compilation:  (1)  water  vapor;  (2)  carbon  dioxide;  (3)  otone; 

(4)  nitrous  oxide;  (5)  carbon  monoxide;  (6)  methane;  and  (7)  oxygen.  Plans  are  currently  being  imple- 
mented to  add  data  on  additional  species  such  as  NO,  KOj,  SOj,  HNOi,  etc.  All  of  these  molecules  except 
oxygen  are  minor  constituents  of  the  atmosphere,  but  nonetheless  represent  most  of  the  absorption  lines 
In  the  visible,  Infrared,  and  microwave  regions. 

In  order  to  compute  the  transmittance  due  to  a given  spectral  line  -'In  the  atmosphere  It  is 
necessary  to  describe  the  absorption  coefficient  as  a function  of  frequency  for  each  line.  The  four 
essential  line  parameters  for  each  line  are  the  resonant  frequency,  (cm~‘),  the  intensity  per  absorbing 
molecule,  S (cm”* /molecule  cm”*),  the  Lorentr.  line  width  parameter,  a (cm”*/atm),  and  the  energy  of  the 
lower  state,  E"  (cm”*).  The  frequency,  V , is  independent  of  both  temperature  and  pressure  (except  for 
possibly  very  small  pressure  effects  of  less  than  0.01  cm~*/atm,  which  have  been  Ignored  here).  The  In- 
tensity, S,  Is  pressure-independent,  and,  as  discussed  below,  Itr  temperature  dependence  can  be  calculated 
from  E"  and  v. 

The  line  half-width  at  half  maximum,  a.  Is  proportional  to  the  pressure,  p,  and  Its  temperature 
dependence  can  be  estimated  as  discussed  below. 

The  precise  line  shape  Is  a matter  of  some  uncertainty,  but  In  the  derivation  of  line  parameters 
from  laboratory  measurements.  It  Is  customary  to  start  from  the  Lorentt  shape  (see  Goody,  1964)  given  In 
Equation  (5) . 

k(V  ) - (5) 

(v  ” v^)  * + a * 

S - yk(v  ) dv 

The  ability  of  Equation  (5)  to  describe  the  true  line  sliape  Is  subject  to  two  limitations.  The 
first,  which  can  be  precisely  estimated  end  corrected  for  by  the  use  of  the  Voigt  shape,  occurs  when 
ct  E/Un  <1.0  where  Is  the  Doppler  line  width.  The  Doppler  line  width  varies  with  frequency,  temperature 
and  molecular  mass  as  given  In  Equation  (6). 


- 4.298  X 10~*  V (T/M)’*  (6) 


where  M " molecular  weight  and  here  k - Boltzmann's  constant  and  m “ mass  of  a molecule. 

For  atmospheric  molecules  and  Infrared  frequencies,  modifications  of  the  Lorentc  shape  resulting 
from  Doppler  effects  begin  to  be  required  at  pressures  bel>w  10  mb  (above  30  km). 

The  second  limitation  concerns  possible  Inadequacies  of  the  Lorentz  shape,  especially  in  the 
distant  wings  of  a line  where  |v  - v ( »a  (see  Winters  et  al,  1964,  and  Burch  et  al,  1969)  or  whan  the 
long-range  Intermolecular  forces  responsible  for  collision  broadening  are  dlpole-quadrupole , leading  to 
an  exponent  1.75  rather  than  2.0  for  the  term  (V-  v^)  In  Equation  5,  (Varanasi  and  Tejwani,  1972). 
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Throughout  this  compHatlon  wt  assume  the  validity  of  the  Lorentz  exponent. 


The  line  Intensity  Is  temperature  dependent  through  the  Boltzmann  factor  and  tho  partition 
function  as  Indicated  In  Equation  (7). 


S(T) 


/ \ / \ 

f ■ r 

y v" 

f 

- exp-^^ 

exp 

1.439E"  (t-T^1 

( T ) Qj.  ( T ) 
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- exp-‘-"*>'’/T 

B 

T T 

e 

(7) 


where  E"  (In  cm~')  Is  the  energy  cf  the  lower  state  of  the  transition  and  where  and  are  the  vibra- 
tional and  rotatli'nal  partition  functions. 


It  Id  also  necessary  to  know  the  temperature  varlatlor.  of  a.  In  the  absence  of  specific 
indications  to  the  contrary,  th';  equation  a(T)/a(T^)  - (T/Tg)““,  with  n - >»,  corresponding  to  the  assump- 
tion of  temperature-independent  collision  dlaneters,  may  be  made.  The  validity  of  the  assumption 
Is  more  uncertain,  the  larger  the  dependence  of  the  diameter  on  the  particular  rotation-vibration  transi- 
tion, (that  is,  It  Is  most  unrealistic  for  H2O  and  low-J  transitions  of  the  other  molecules).  The  theory 
of  Tsao  and  Curnutte  (1954)  when  applied  to  the  determination  of  line  width  for  H^O  lines  gives  a wide 
variation  of  n about  the  mean  value  of  0.62  (Benedict  and  Kaplan,  1959).  Measurements  made  with  a COz 
laser  (Ely  and  McCubbln,  1970)  Indicate  a value  of  n"1.0  for  the  P20  line  of  the  10.4  pm  CO 2 band. 

An  examination  of  Equations  (5)  and  (7)  Indicates  that  it  is  necessary  to  know  the  V , S(T  ), 
a(P  , T ) and  E"  value  for  each  line  In  order  to  compute  a spectrum.  The  data  compilation  descrlbed^here 
contains  these  four  quantities  for  each  of  the  more  than  130,000  lines  between  1 pm  and  the  far  Infrared 
belonging  to  the  seven  molecular  species  listed  In  Table  3. 


Table  3.  Intensity  Criteria  for  bines  Included  in  Compilation 


Minimum  Intensity* 


Existing  Intensity 


Molecule 

Identification  No. 

Criterion  at  T-296K 

Minimum  at  T-2! 

H20 

1 

3 X 10"” 

3 X 10"  ” 

CO  2 

2 

2.2  X 10"* 

3.7  X 10"^’ 

Os 

3 

3.5  X 10"* 

3.5  X 10"* 

N2O 

4 

3.0  X 10"” 

4.0  X 10"*’ 

CO 

5 

8.3  X 10"” 

1.9  X 10"*’ 

CH4 

6 

3.3  X 10"* 

3.3  X 10"* 

O2 

7 

3.7  X 10"’ ' 

3 7 X 10"’ * 

* Units  are  cm" V (molecule-cm“  ^) 


In  order  to  establish  the  "Minimum  Intensity  Criterion"  values  given  In  Table  3,  an  extreme 
atmospheric  path  was  considered,  assuming  the  gas  concentrations  specified  In  Table  1 and  maximum  concen- 
trations over  the  path  of  3 X 10*  molecules/cm^  for  water  vapor  and  1 X 10  ^ * molecules/cm  ^ for  ozone. 
This  extreme  radiation  path  was  the  atmospheric  path  tangent  to  the  earth's  surface,  and  extending  from 
space  to  space.  Using  this  criterion,  llr.es  yielding  less  than  10  percent  absorption  at  the  line  center 
would  normally  be  omitted. 


Although  this  absolute  line  Intensity  cut  off  was  established,  it  has  not  always  been  possible 
to  achieve.  In  some  cases  It  would  have  been  unrealistic  to  push  calculations  to  this  limit  when  ex- 
perimental confirmation  fell  far  short.  There  are  two  specific  areas  in  which  this  absolute  cut  off 
has  been  violated:  (1)  In  regions  of  very  strong  absorption,  very  weak  lines  above  this  absolute  limit 
have  been  neglected;  (2)  Q-branch  lines  below  this  limit  have  occasionally  been  included  where  It  Is  felt 
that  the  accumulation  of  many  weak,  closely  spaced  lines  would  still  produce  an  appreciable  absorption 
under  some  atmospheric  circumstances.  In  some  cases,  (for  example,  CO2),  sufficient  laboratory  measure- 
ments and  theoretical  work  were  available  so  that  this  limit  was  exceeded  throughout  the  infrared. 

Half-widths  of  lines  have  been  added  where  available.  In  some  cases,  it  Is  felt  that  insufficient 
data  exist  to  warrant  the  Inclusion  of  a variable  half-width.  In  these  cases,  a mean,  constant  value  has 
been  Inserted  for  each  molecular  species  and  values  are  given  In  Table  4.  Line  widths  for  H jO  have  been 
calculated  based  on  the  At  rson  Theory  (Anderson,  1949)  modified  by  eliminating  the  distance  of  closest 
approach.  This  modlflcnt-'  n gives  results  comparing  favorably  with  the  measurements  of  Blum  et  al,  1972 
for  a number  of  hlgh-J  nes.  Line  widths  for  CO 2 have  been  taken  from  the  theoretical  work  of  Yamamoto 
et  al,  1968  who  applied  the  Anderson  Theory  to  CO 2 - Nz  collisions. 


Table  4.  Mean  Half-width  Values 


Molecule 

Half-width  (cm"’ /atm) 

References 

Os 

0.11 

Lichtenstein  et  al  (1971) 

H2O 

0.08 

Toth  (1971) 

CO 

0.06 

Bouanlch  and  Haeusler  (1972) 

CH4 

0.055 

Varanasi  (1971)  (see  Section  6.3) 

O2 

0.060 

Burch  and  Gryvnak  (1969) 

The  accuracy  o£  tranamlttance  calculatlona  due  to  molecular  abaorptlon  can  be  eeen  to  depend  on 
three  quantities;  (1)  The  accuracy  of  the  line  parameters;  (2)  The  accuracy  of  the  assuised  line  shape; 
and  (3)  The  accuracy  of  the  description  of  the  atMsphere  In  terms  of  tea.  <:rature,  pressure,  and  consti- 
tuent distributions.  We  can  get  a feel  for  the  first  of  these  by  examining  Table  5. 

Table  5.  Accuracy  of  Data 


Molecule 

V(cm“*) 

S 

a 

H2O 

+0.00001-0.05 

1-lOX  Rotat. 
10X-E2  others 

+10X+X3 

CO  2 

+0.01 

+5X 

+10X 

Os 

+0.01+1.0 

+10Z 

Constant  Value 

N2O 

jO.Ol 

+5X 

Constant  Value 

CO 

+0.001+0.01 

+2X++10X 

+10X 

CH<, 

+0.01 

+20X 

Constant  Value 

O2 

+0.01 

+10X 

Constant  Value 

As  can  be  seen.  It  la  difficult  to  specify  simply  the  accuracy  of  these  line  parameters  because  they  are 
different  from  one  band  to  another  for  a given  molecule  and  are  also  a function  of  the  line  Intensity. 
This  Is  so  because  of  the  Increased  experimental  confirmation  available  for  the  stronger  lines.  In  the 
microwave  region  absorption  line  positions  can  be  measured  very  accurately  due  to  available  measurement 
techniques.  This  sane  kind  of  precision  Is  becoming  more  highly  developed  in  the  infrared. 

4.  CONTINUUM  ABSORPTION 


In  addition  to  the  spectral  absorption  lines  described  above,  there  are  several  spectral  regions 
of  relatively  continuous  absorption.  Several  of  these  are  of  Interest  because  they  fall  In  the  atmospheric 
"vd.ndows"  e.g.  In  Che  1 pm  and  4 pm  regions  (-—10,000  cm~^  and  2,500  cm~‘),  from  8-14  pm  (1250  cm~*  to 
700  cm~*)  and  near  22  pm  (450  cm~‘).  In  other  spectral  regions  the  contribution  by  nearby  absorption 

lines  is  much  greater  than  that  by  the  continuum  absorption,  so  that  for  practical  purposes  the  continuum 

effect  can  be  neglected,  although  It  may  be  greater  Chan  in  the  windows. 

This  continuous  abaorptlon  Is  caused  by  one  or  more  of  the  following  three  processes:  (1)  extreme 
wings  of  strong  collision-broadened  absorption  lines  centered  more  than  10-20  cm"*  away;  (2)  pressure 
Induced  absorption  resulting  ^rot  transitions  that  are  forbidden  for  unperturbed  molecules;  and  (3)  the 

possible  existence  of  the  water  dimer  (H2Q:H20)  In  the  case  of  the  8 to  14  pm  region. 

The  abaorptlon  coefficient  due  to  continuum  absorption  can  be  expressed  as 

k - C P + C.  P,  (8) 

3 B b b ' ' 

where  C Is  the  self -broadened  coefficient  and  C.  Is  the  foreign  gas  broadening  coefficient,  P^  Is  the 
partial  pressure  of  the  absorbing  gas  and  P^  is  the  foreign  gas  pressure. 

Figure  5 gives  the  spectral  dependence  of  C for  water  vapor  absorption  li.  the  8 to  14  pm  region 
for  three  temperatures  (Burch,  1970).  The  value  has  been  most  reliably  measured  by  McCoy  et  al,  1969, 
and  is  found  for  nitrogen  broadening  to  be  ~ O.OOSC^  at  room  temporature  at  10.6  pm. 

Figure  6 gives  the  spectral  dependence  of  C for  the  water  vapor  absorption  In  the  region  near 
4 pm  for  four  different  temperatures  (Burch  et  al,  19?!)..  Note  that  the  ']>296°K  curve  la  an  extrapolation 
based  on  the  measurements  at  higher  temperature.  These  same  workers  found  the  ratio  <^/C  for  nitrogen 
broadening  to  be  0.12  + 0.03  In  the  4 pm  region.  ® 

Figure  7 gives  the  spectral  dependence  of  the  absorption  coefficient  due  to  the  pressure-induced 
nitrogen  absorption  centered  near  2330  cm~*  (Burch  et  al,  1971).  Measurements  have  also  been  made  by 
Shapiro  and  Gush,  1966,  and  Farmer  and  Houghton,  1966.  Since  the  foreign  gas  broadening  In  this  case  re- 
sults mainly  from  oxygen  which  has  a constant  mixing  ratio  In  the  atmosphere.  Equation  (8)  reduces  to 

k - Const.  X P (9) 

The  constant  In  Equation  9 is  directly  proportional  to  total  pressure,  P,  the  absorption  coefficient 
depends  on  P*.  The  nitrogen  abaorptlon  coefficients  given  in  Figure  7 are  expressed  In  the  units  atm“*  Km"* 

Since  line  wings  as  given  by  the  Lorentz  shape.  Equation  (5),  have  been  found  to  be  In  error  In 
the  extreme  wings  (e.g.  overestimating  the  absorption  for  CO2  and  underestimating  the  absorption  for  H20) 

It  la  difficult  to  state  an  appropriate  rule  to  follow  for  truncating  the  Lorentz  line  profile,  since  this 
also  depends  to  a large  extent  on  the  probJ  em  being  considered . 

An  additional  absorption  feature  of  Importance  to  the  transmittance  of  neodymium  laser  radiation 
Is  due  to  the  oxygen  dimer,  (02)2.  Measurements  made  by  Curclo  (1966)  show  that  Its  effect  cannot  be 
neglected  for  long  atmospheric  paths  (>80Km)  near  sea  level.  Figure  8 shows  the  transmittance  of  solar 
energy  as  a function  of  wavelength  for  several  solar  positions.  Although  the  absorption  Is  significant 
for  large  zenith  angles,  the  attenuation  In  this  region  is  still  dominated  by  aerosol  effects. 
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5.  LINE-BY-LINE  COHPUTATION  TECHNIQUES 


In  the  case  of  pure  molecular  absorption.  ) expressed  In  Equation  1 la  the  absorption 
coefficient.  The  monochromatic  transmittance  for  a given  atmospheric  species  through  a path  containing 
Amj  absorbing  molecules  Is  then  given  by  Equation  10. 


'j 


( V ) - exp 


, th 


(10) 


The  quantity,  j,  refers  to  the  j'""  molecular  species.  In  general  k,  . where  tha  k..  Is  the  absorption 

coefficient  for  each  absorption  line  (1)  of  a molecule  of  type  J contributing  to  the  absorption  at  fre- 
quency V.  In  addition,  to  the  absorption  by  many  lines  of  molecular  species,  J,  there  may  also  be  absorp- 
tion at  frequency,  V,  due  to  lines  of  other  molecular  species,  so  we  must  generalize  Equation  10  as  follows. 


T (v  ) - exp 


-E  k, (V  )Am . 
j J J 


(11) 


In  general,  the  atmospheric  path  over  which  the  transmittance  Is  required  Is  not  uniform  - l.e.  It  contains 
.amperature,  pressure,  and  constituent  gradients.  Therefore,  wo  must  replace  Am^  by  dmj  and  Integrate  to 
obtain  the  proper  exponent  In  Equation  11.  Thus,  this  exponent  (the  optical  depth)  Is  defined  In  Equation  12. 


n 


.fz  k^(v  )dmj 


;i2) 


Using  this  technique  together  with  the  line  parameters  described  above,  we  can  generate  an  "infinite  resolu- 
tion" spectrum  such  as  that  shown  in  Figures  9 and  10.  For  laser  applications  this  type  of  calculation  Is 
a requirement  because  the  laser  bean  Is  spectrally  very  narrow  compared  with  the  width  of  pressure  - broadened 
atmospheric  absorption  lines.  High  resolution  synthetic  spectra  of  this  kind  have  been  computed  for  much 
of  the  Infrared  and  detailed  calculations  have  been  made  for  a large  number  of  specific  laser  emission 
frequencies  by  McClatchey  1971,  McClatchey  and  Selby  1972a,  1972b,  1974,  and  McClatchey  et  al  1®72.  The 
AFCRL  Atmospheric  Absorption  Line  Parameters  Compilation  on  which  these  calculations  are  based  Is  described 
In  more  detail  by  McClatchey,  et  al  (1973). 


Figures  9 and  10  provide  high  resolution  transmittance  spectra  using  the  data  and  technique  des- 
cribed above.  The  calculations  are  for  a 10  km  horizontal  path  at  sea  level  corresponding  to  the  mid- 
latitude winter  model  atmosphere  In  the  4 and  10  micrometer  regions.  Similar  spectra  have  been  computed 
covering  the  entire  spectral  region  from  .76  to  31.25  micrometers.  Although  this  work  was  first  undertaken 
In  connection  with  investigations  of  the  atmospheric  propagation  of  COj,  CO,  HF  and  DF  laser  systems,  the 
resulting  spectra  can  be  used  to  roughly  estimate  the  effects  of  molecular  absorption  on  the  propagation  of 
any  laser  system  throughout  the  specified  spectral  region.  Tables  similar  to  Table  6 have  been  constructed 
for  a large  number  of  laser  emission  lines  for  COj,  CO,  HF,  OF  and  several  other  laser  systems.  Table  6 
provides  the  attenuation  coefficient  for  a given  laser  line  as  a function  of  altitude  for  6 model  atmospheres 
and  two  aerosol  models.  From  tables  such  as  these  It  Is  possible  to  quickly  estimate  the  attenuation  of  a 
given  laser  line  for  a specific  atmospheric  path. 

There  is  some  experimental  confirmation  of  these  high  resolution  transmittance  calculations,  an 
example  Is  shown  In  Figure  11  in  which  some  emission  measurements  in  the  10  micrometer  region  are  compared 
with  calculations.  Measurements  made  by  Long  et  al  (1973)  on  several  CO  laser  lines  Indicate  that  the 
calculations  tend  to  underestimate  the  absorption,  especially  when  the  laser  emission  line  Is  far  from 
the  center  of  a water  vapor  line.  This  underestimate  Is  as  much  as  a factor  of  2 In  attenuation  coefficient 
for  some  lines.  It  has  been  suggested  that  a non-Lorentzlan  line  shape  can  largely  explain  the  observations. 
An  outdoor  measurement  made  by  Gllmartln  (1973)  has  Indicated  satisfactory  agreement  for  the  5-4  P15  line  of 
CO.  Disagreements  exist  between  different  experimenters  on  the  magnitude  of  the  water  vapor  continuum 
absorption  in  the  10  micrometer  region.  Since  this  has  a significant  impact  on  the  attenuation  of  the  P20 
COz  laser  line,  some  20-30Z  discrepancies  in  the  atmospheric  window  may  be  due  to  that  cause.  Measurements 
of  DF  laser  transmittance  measurements  in  the  laboratory  have  been  reported  by  Spencer,  (1973)  and  he  obtains 
satisfactory  agreement  with  calculation. 


6.  LOW  RESOLUTION  MODELLING 


I 


In  many  applications.  It  la  Impossible  to  measure  i^dlatlon  at  a single  frequency  (or  very  narrow 
spectral  ^.iterval).  Instead  one  measures  the  transmittance  l^^('^)  averaged  over  the  spectral  interval,  Av, 
accepted  by  the  receiver,  as  Indicated  In  Equation  13. 

^AV^''  ) - ^ / T (V  )dv  (13) 

where  v is  the  central  frequency  In  the  Interval,  Av.  Consequently  for  many  applications  one  Is  Interested 
In  knowing  the  transmittance  of  the  atmosphere  averaged  over  a relatively  wide  spectral  interval,  that  Is, 
for  low  resolution. 


Thus,  the  term  transmittance  Is  somewhat  ambiguous  unless  It  Is  qualified  by  some  Indication  of 
the  spectral  resolution,  Av,  over  which  It  Is  averaged.  This  la  particularly  true  In  the  case  of  molecular 
absorption,  since  the  absorption  coefficient  k^  Is  a rapidly  varying  function  of  frequency,  it  Is  because 
of  the  rapid  variation  of  k with  frequency  that  the  averaged  transmittance  T does  not.  In  general,  obey 
a simple  exponential  law,  '"That  Is 

■ ^ / «*P 


‘Av' 


\ 


k (v  )Am 


•.'V  ^ exp  (-K(V  )Am) 


(14) 


where  k represents  the  net  monochromatic  molecular  absorption  coefficient  and  where  K Is  an  average  absorp- 
tion coSfflcicht,  which  cannot  In  most  cases  be  defined  when  Av  is  much  greater  than  the  half-width  of  a 
spectral  line. 
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There  are  four  basic  approaches  to  obtaining  low  resolution  transmittance  values  for  a given 
path  through  the  atmosphere  due  to  molecular  absorption.  These  are;  (1)  direct  measurements  over  the 
required  path;  (2)  measurements  In  the  laboratory  under  simulated  conditions;  (3)  llne-by-llne  (mono- 
chromatic) calculations  based  on  a detailed  knowledge  of  the  spectroscopic  line  parameters  which  are  then 
averaged  over  the  required  spectral  Interval,  and  (4)  calculations  based  on  band  model  techniques  (which 
use  available  laboratory  and/or  field  transmittance  measurements  or  actual  line  data  as  a basis). 

From  the  point  of  view  of  computatloaa,  method  3 Involves  a considerable  amount  of  work  and  com- 
puter time,  and  consequently  method  4 has  been  used  most  frequently.  Even  with  the  availability  of  the 
necessary  line  compilation,  there  Is  a place  for  efficient  and  accurate  low  spectral  resolution  models. 
Because  of  the  inefficiency  of  low  spectral  resolution  calculations  by  llne-by-llne  techniques,  we  may 
think  of  the  data  compilation  as  a foundation  and  basis  fur  comparison  of  other,  more  efficient  low  reso- 
lution models.  However,  there  Is  a need  for  optical  modelling  at  spectral  resolution  where  current  low 
resolution  models  are  not  applicable.  Our  only  choice,  then  is  to  resort  to  degraded  monochromatic  cal- 
culations or  to  devise  new  models  capable  of  providing  the  required  results. 


One  such  approach  that  relates  easily  to  the  data  compilation  described  above  is  the  direct  appli- 
cation of  the  Goody  random  model,  utilizing  approprlafe  sums  of  parameters  obtained  from  the  AFCRL  absorption 
line  compilation.  Provided  that  there  are  sufficient  lines  In  the  spectral  Interval,  Av,  so  that  the 
assumption  of  randomness  with  respect  to  the  line  frequencies  can  be  made,  and  assuming  an  exponential 
distribution  of  line  Intensities  In  the  Interval,  we  obtain  Equation  15  for  the  average  transmittance  In 
the  Interval. 


T ” exp 


m . r 


L 


lA. 

E/s 


(15) 


It  can  be  seen  that  this  expression  requires  sums  of  intensities  and  suras  of  square  roots  of  the  Intensity- 
half  width  products.  As  an  example,  these  are  provided  for  v’ater  '-apor  In  Figure  12,  In  which  the  parameters 
were  summed  over  5 cm“*  Increments  and  spaced  1 cm“'  apart.  Thus,  the  resulting  spectral  resolution  will 
be  5 cm~^.  Similar  sums  have  also  been  computed  for  ozone  and  carbon  dioxide  lines.  Figures  13-14  show 
the  results  of  using  these  parameters  In  a Goody  random  model  formulation  and  then  comparing  these  calcula- 
tions with  the  degraded  monochromatic  technique.  Table  7 summarizes  the  results  of  calculations  made  for 
each  of  these  band  complexes  for  a number  of  different  conditions.  Such  calculation  techniques  may  be 
required  for  certain  applications  in  order  to  provide  the  required  accuracy,  but  they  still  require  r',ther 
large  amounts  of  computation  time  and  they  are  not  readily  amenable  to  qv ‘ :k  estimation.  As  a result, 
method  4 above  still  has  a wide  applicability,  especially  for  systems  studies. 


A code  that  has  been  developed  along  these  lines  at  AFCRl,  the  hOWTRAN  code,  will  now  be  briefly 
described.  The  LOWTRAN  code  was  constructed  as  a moderately  accurate,  but  very  efficient  computer  routine 
based  on  a single  parameter  model  of  molecular  absorption.  Transmittance  at  a given  frequency  through  the 
atmosphere,  in  general,  depends  on  three  parameters;  pressure,  number  of  absorbing  molecules,  and  the 
temperature.  The  LOWTRAN  technique  recognizes  the  minor  Importance  of  temperature  dependence  and  thus, 
specifies  a mean  temperature  of  273K.  The  number  of  absorbing  molecules  and  the  pressure  are  combined 
In  an  appropriate  way  to  define  a single  Independent  variable  so  as  to  minimize  errors. 


In  the  report  by  McClatchey  et  al  (1972)  three  empirical  transmittance  functions  have  been  deter- 
mined from  laboratory  and  synthetic  transmittance  data  based  on  Equation  (16)  for  (1)  HjO,  (2)  O3,  and 
(3)  the  combined  contributions  of  the  uniformly  mixed  gases. 

T^y(v)  - f^C(v  )AmP''^  (16) 

Synthetic  spectra  here  refers  to  monochromatic  (llne-by-llne)  transmittance  calculations  degraded  In 
resolution  by  convolution  with  an  appropriate  slit  function.  It  was  found  that  Equation  (16)  gave  the  best 
fit  to  laboratory  and  theoretical  data  over  a wide  spectral  interval  when;  (1)  n-0.9  for  H2O,  (2)  n«0.4  for 
O3,  and  (3)  n«0.75  for  the  uniformly  mixed  gases. 


The  corresponding  empirical  transmittance  functions  were  found  to  give  better  agreement  with 
laboratory  and  synthetic  transmittance  data  than  the  commonly  used  band  models  over  a wide  range  of  pressures 
and  absorber  amounts. 


The  procedure  used  for  determining  the  parameter  n and  function,  f,  defined  In  Equation  (16)  will 
be  briefly  outline  below.  By  taking  the  logarithm  of  the  Inverse  of  Equation  (16),  It  will  be  seen  that 

n log  P 4-  log  Am  - log  f“'  ~ ^ 

Thus,  for  a given  frequency,  v,  and  fixed  values  of  average  transmittance,  l^y(v) , the  right-hand 
side  of  Equation  (16)  becomes  a constant. 

/^mean  value  for  n was  determined  from  Equation  (17)  for  a wide  range  of  frequencies  and  several 
values  of  T . Then  for  each  frequency,  t was  plotted  against  log  Am  P , and  the  curves  superimposed  and 
the  best  mean  curve  determined.  The  "mean"  curve  thus  obtained  constitutes  the  empirical  transmittance 
function  and  Is  displayed  as  the  transmittance  scale  and  associated  scaling  factor,  log  (Am  P") , In  the 
sample  prediction  chart  given  in  Figure  15.  Similar  charts  have  been  provided  by  McClatchey,  et  al  fl972) 
for  six  other  atmospheric  gases  of  major  Importance  In  atmospheric  absorption.  In  addition  a computer 
version  of  this  technique  has  been  constructed  (LOWTRAN)  and  Is  presented  in  a report  by  Selby  and  McClatchey 
(1972)  with  a revised  model  (LOWTRAN  3)  presented  in  a second  report  by  Selby  and  McClatchey  (1975). 
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The  LOWTRAN  3 Computer  Code  has  been  compared  with  a large  munber  of  laboratory  and  field 
measurements.  Some  samples  of  these  comparisons  are  provided  here.  Figure  16  shows  a laboratory  comparison 
with  the  measurements  of  Howard,  Burch  and  Williams  (1955)  in  the  2.7  )im  water  vapor  band.  Figure  17 
shows  a transmittance  spectrum  measured  by  Gebbie  et  al  (1951)  from  a 1 sea-uille  path  over  water,  covering 
the  0.5  to  15  pm  region.  Figure  8 shows  e comparison  of  LOWTRAN  with  the  results  of  Yates  and  Taylor 
(1960)  covering  the  spectral  region  from  0.5  Co  19  pm.  The  apparent  discrepancy  in  the  10  pm  region  is 
believed  to  ue  due  Co  the  fact  that  Yates  and  Taylor  artificially  set  Che  transmittance  level  to  be  lOOZ 
in  this  window  region  (since  they  were  unable  Co  estimate  the  water  vapor  continuum  contribution) . 

Further  studies  are  proceeding  to  update  and  validate  both  the  low  resolution  and  high  resolution 
atmospheric  transmittance  prediction  schemes.  Further  work  is  required  in  order  to  understand  and  reliably 
predict  the  water  vapor  continuum  absorption  in  Che  10  pm  region. 
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Table  1 - Model  Atmosphere  Used  as  a Baals  for  the  Computation  of  Atmospheric  Optical  Properties. 


U.S.  STANDARD  ATMOSPHERE.  1962 


Ht. 

(km) 

Preesurc 

(mb) 

Temp. 

(OR) 

DenslW 

(g/m®) 

Water  Vapor 
(g/m^) 

Ozone 

(g/m^) 

0 

1.  013E403 

288. 1 

1.  225E403 

5.  9E+00 

5.  4E-05 

1 

8.  986E-I-02 

281.6 

1.  lll?=;+03 

4.  2E400 

5,  4E-05 

2 

7.  950E+02 

275.  1 

1,  007E+03 

2.  9E+00 

5.  4E-05 

3 

7.  012E+02 

268.  7 

9.  093E+02 

1.  8E+00 

5.0E-05 

4 

6,  166E+02 

262.2 

8.  193E+02 

' 1,  lE+00 

4.  6E-05 

5 

5.  405E+02 

235.7 

7.  364E+02 

6.4E-01 

4.  5E-05 

6 

4.  722E402 

249.2 

6.  601E+02 

3.  8E-01 

4.  5E-05 

7 

4.  111E402 

242.7 

5.  900E+02 

2.  lE-01 

4.  8E-05 

8 

3.  565E+02 

236.2 

5.  258E+02 

1.2E-01 

5.  2E-05 

9 

3.  080E402 

229.7 

4.  671E+02 

4. 6E-02 

7.  lE-05 

10 

2.  650E+02 

223.2 

4.  135E+02 

1.  8E-02 

9.  OE-05 

11 

2.  270E402 

216.  8 

3.  648E+02 

8,  2E-03 

1.  3E-04 

12 

1.  940E402 

216.6 

3.  119E+02 

3.  7E-03 

1.6E-04 

13 

1.  658E402 

216.6 

2.  666E+02 

1.  8E-03 

1,  7E-04 

14 

1.  417E+02 

216.  6 

2.  279E+02 

8.  4E-04 

1.  8E-04 

15 

1.  211E+02 

216.6 

1.  948E+02 

7.  2E-04 

2.  lE-04 

16 

1.  035E+02 

216.  6 

1.  665E+02 

6.  lE-04 

2.  3E-04 

17 

8.  850E+01 

216.6 

1.  423E402 

5.  2E-04 

2.  8E-04 

18 

7.  565E+01 

216.  6 

1.  216E+02 

4.  4E-04 

3.  2E  -04 

10 

6.  467E+01 

216.  6 

1.  040E+02 

4.  4E-04 

3.  5E-04 

20 

5,  529E+01 

216.6 

8.  891E-I-01 

4.  4E-04 

3.  8E-04 

21 

4.  729E+01 

217.  6 

7.  572E+01 

4.  8E-04 

3.  8E-04 

23 

4.  047E+01 

218.6 

6.  451E+01 

5.  2E-04 

3.  9E-04 

23 

3.  467E+01 

219.6 

5.  500E+01 

5.  7E-04 

3.  8E-04 

24 

2.  972E+01 

220.6 

4.  694E401 

6.  lE-04 

3.6E-04 

25 

2. 549E401 

221.6 

4.  008E401 

6.  6E-04 

3.  4E-04 

30 

1.  197E+01 

226.5 

1.  841E401 

3.  8E-04 

2.  OE-04 

35 

5.  746E+00 

236.5 

8.  463E400 

1.  6E-04 

1.  lE-04 

40 

2,  871E+00 

250.4 

3.  996E-I-00 

6.  7E-05 

4.  OE-OS 

45 

1.491E+00 

264.2 

1.  966E400 

3.  2E-05 

1.7E-05 

50 

7.  978E-01 

270.6 

1.  027E+00 

1.  2E-05 

4.  OE-06 

70 

5.  520E-02 

219.7 

8.  754E-02 

1.  5E-07 

8.  6E-08 

100 

3.  008E-04 

210.0 

4.  989E-04 

1.  OE-09 

4,  3E-11 

Table  6 - Values  of  Attenuation  Coefflclent/kn  as  a Function  of  Altitude  for  the  10.591  U®  lAser  Wave- 
length and  5 Atmospheric  Models. 
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Figure  14-  Comparison  of  LBL  Calculations  with  Random  Model  for  IS  pm  Carbon  Dioxide  Band. 
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MODELS  OF  THE  ATMOSPHERIC  AEROSOLS  AND  THEIR  OPTICAL  PROPERTIES 
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Hanscom  AFB,  Bedford,  MA  0173' 
United  States  of  America 


ABSTRACT 


Aerosol  models  have  been  developed  for  the  boundary  layer,  the  upper  troposphere,  the  stratosphere, 
and  mesosphere.  In  the  bou.ndary  layer  they  describe  3 different  environments:  rural,  urban  and  maritime. 

In  the  upper  troposphere  and  stratosphere  two  different  models  represent  spring-summer  and  fall-winter 
conditions.  In  the  stratosphere  they  describe  several  levels  of  volcanic  dust  concentrations  and  the 
background  conditions,  For  each  model  the  coefficients  for  extinction,  scattering  and  absorption,  t 
angular  scattering  distribution  and  other  optical  parameters  have  been  computed  for  wavelengths  between 

0. 2  and  l«0um.  The  aerosol  models  are  being  presented  along  with  a discussion  of  their  experimental  basis. 
The  optical  properties  of  these  models  are  being  discussed  and  some  examples  of  their  effect  on  the  overa.l 
atmospheric  transmission  properties  and  atmospheric  contrast  reduction  are  presented. 

1.  INTRODUCTION 


The  aerosol  models  described  In  this  paper  supplement  the  aerosol  c mponents  of  atmospheric  optical 
models  previously  developed  at  AFCRL  (ELTERMAN,  196l»,  1968,  197C;  MCCLATCHEY  et  al.,  1970).  The  vertical 
distribution  of  aerosol  attenuation  In  the  upper  troposphere  and  stratosphere  in  these  models  was  primarily 
based  on  styeral  years  of  searchlight  measurements  In  a fixed  location  (ELTERMAN  1966  and  1988).  IVLEV 
(1967  and  1989)  has  made  a review  of  the  available  experimental  data  up  through  1987.  Brsed  on  this  review 
Ivlev  presented  a model  of  the  vertical  distribution  of  aerosol  particles  and  their  extinction  of  visible 
1 i ght. 


The  aerosol  component  in  these  models  was  based  on  experimental  measurements  which  were  made  during 
and  prior  to  the  mid  I960's.  At  this  time  there  was  sufficient  experimental  data  available  to  define  an 
average  stratospheric  and  upper  tropospheric  aerosol  profile  with  some  different  haze  concentrations  in 
the  lower  troposphere  (up  to  a few  km  altitude)  with  exponential  vertical  decrease  in  particle  concentration. 

During  the  past  decade  in  this  country  and  elsewhere  extensive  additional  measurements  from  ground 
as  well  as  airborne  and  space  platforms  have  been  made  of  aerosol  concentrations,  their  size  distribution, 
and  optical  properties,  to  warrant  the  development  of  updated  aerosol  models  which  also  describe  some  of 
the  temporal  and  spatial  variations  in  atmospheric  aerosol  distributions  and  properties. 

The  models  of  the  atmospheric  aerosol  and  their  optical  properties  developed  below  are  based  on  a 
review  of  the  available  data  on  the  nature  of  the  aerosols,  their  sizes,  their  distribution  and  variability. 
However  it  must  be  emphasized  that  these  models  only  represent  a simplified  version  of  typical  conditions. 
Existing  experiment  data  are  not  sufficient  to  describe  the  frequency  of  occurrence  or  variance  of  the 
di f ferent  model s. 

In  this  study  a number  of  different  aerosol  models  for  each  of  k different  altitude  regimes  has  been 
developed.  The  vertical  distribution  of  the  attenuation  coefficients  for  these  models  is  shown  in  Fig.  1. 
Also  shown  for  compa  r i son  are  the  Rayleigh  profile,  and  ELTERMAN'S  I968  Model. 

(a)  For  the  Boundary  Layer  (below  2 km)  10  models  have  been  defined  which  describe  the  aerosols  in 
rural,  urban,  and  maritime  environments  for  several  surface  meteorological  ranges  between  2 and  50  km. 

(b)  For  the  upper  troposphere  there  are  two  models  which  represent  spring  and  summer  conditions 
versus  fall  and  winter  conditions, 

(c)  In  the  stratosphere  (up  to  30  km)  models  are  presented  for  background,  moderate,  high,  and 
extreme  volcanic  conditions  for  each  of  the  two  seasonal  models. 

(d)  For  the  Upper  atmosphere  (above  30  km)  two  models  are  presented.  One  of  these  corresponds  to 
the  most  likely  background  conditions  and  the  other  represents  the  high  aerosol  concentrations  often 
observed  at  these  altitudes  (in  thin  layers). 

In  the  following  sections,  a more  detailed  description  of  the  models  will  be  presented  along  with 
a discussion  of  their  experimental  basis,  and  th—  -nme  possible  applications  of  the  models  will  be 
discussed  with  some  examples. 
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2.  AEROSOL  MODELS 

2.1.  Boundary  Layer  Aerosols 

The  range  of  conditions  In  the  boundary  layer  (up  to  2 kl  lotnetars)  Is  represented  by  three 
different  aerosol  models  (rura’,  urban,  or  maritime)  for  each  of  five  meteorological  ranges  between  2 and 
50  kilometers.  Not  all  of  the  fifteen  possible  configurations  are  Included  because  they  do  not  represent 
meaningful  conditions;  for  example  an  urban  type  aerosol  mixture  would  not  be  present  with  visibilities 
as  high  as  50  kilometers. 

In  the  boundary  layer  the  shape  of  the  aerosol  size  distribution  and  composition  for  the  3 surface 
models  are  assumed  to  be  inveriant  with  altitude.  Therefore  only  the  total  particle  number  Is  being 
varied.  Although  the  number  density  of  air  molecules  decreases  always  more  or  less  exponentially  with 
altitude,  there  is  considerable  experimental  data  which  show  that  the  aerosol  concentration  very  often  has 
a rather  different  vertical  profile.  One  finds  that  especially  under  low  v Is  1 bt I i ty  conditions  the  aerosols 
are  concentrated  in  a layer  from  the  surface  up  to  about  I to  3 kilometers  altitude  and  that  this  haze 
layer  has  a rather  sharp  top,  (e.g.  see  DUNTLEY  et  al.,  1972). 

The  vertical  distribution  for  clear  and  moderately  clear  conditions,  50  and  23  kilometer 
meteorological  ranges  respectively.  Is  taken  to  be  exponential,  similar  to  the  profiles  used  by  ELTERMAN 
(IS64,  1968)  following  the  work  of  PENNDORE  (195^).  for  the  hazy  conditions  (10,  5,  and  2 km  meteorological 
ranges)  the  aerosol  extinction  is  taken  to  be  independent  of  height  up  to  1^  km  with  a p.onounced  decrease 
above  that  height. 

2.1.1.  Rural  Aerosol s 


The  "Rural  Model"  is  Intended  to  represent  the  aerosol  conditions  one  finds  in  continental  areas 
which  are  not  directly  influenced  by  urban  and/or  Industrial  aerosol  sources.  This  continental,  rural 
aerosol  background  is  partly  the  product  of  reactions  between  various  gases  in  the  atmosphere  and  partly 
due  to  dust  particles  picked  up  from  the  surface.  The  particle  concentration  is  largely  dependent  on  the 
history  of  the  airmass,  carrying  the  aerosol  particles.  In  stagnating  airmasses,  e.g.  under  wintertype 
temperature  inversions,  the  concentrations  may  increase  to  values  causing  the  surface  layer  visibilities 
to  drop  to  a few  kilometers. 


Aerosol  samples  from  all  over  the  globe  from  rain-out  and  direct  sampling  have  been  analyzed  by 
VOLZ  (1972)  for  their  optical/ IR  refractive  Index  properties.  Based  primarily  on  these  measurements  the 
rural  model  is  assumed  to  be  composed  of  a mixture  of  70%  of  water  soluble  substance  (ammonium  and  calcium 
sulfate,  and  also  organic  compounds)  and  30%  dustlike  aerosols.  The  resulting  refractive  index  model  is 
supported  by  other  measurements  (e.g.  FISCHER,  1973:  WARD  et  al.,  19731  and  GRAMS  et  al . , 197**). 


JUNGE  (1983)  suggested  that  most  measured  aerosol  size  distributions  over  the  range  ot  radius  from 
0. I to  10pm  could  be  described  by  an  inverse  power  law.  More  recent  experimental  data  from  various 
investigators  show  that  the  power  law  model  appears  to  be  »alld  even  for  large  particles  out  to  70  to 
lOOpm,  If  one  plots  these  experimental  data  as  the  log  volume  distribution,  dV/d(log  r)  versus  log  r,  a 
bimodal  structure  becomes  apparent,  with  one  broad  peak  In  the  0.1  to  1pm  diameter  range  and  the  second 
and  larger  peak  between  5 and  lOOpm  (e.g.  see  WHITBY  et  al.,  1972).  In  order  to  represent  this  feature 
as  well  as  to  be  approximately  consistent  with  the  Junge  distribution  the  size  distribution  used  for  the 
rural  model  is  the  sum  of  two  log-normal  distributions  which  can  be  expressed  as; 


dN(r) 

dr 


l-l 


f 

2* 

(log  r - log  Cj) 

\ln  (10)'  r'  ^ 

2 

L 2",  J 

(1) 


where  N(r)  is  the  cumulative  number  density.  The  parameters  defining  this  size  distribution  are  given  in 
Table  I,  and  it  Is  illustrated  In  Fig.  (2).  Over  the  size  range  0.1  to  lOpm  the  present  model  is  similar 
to  the  modified  "haze  C"  used  by  MCCLATCHEY  et  al.  (1970)  which  was  based  on  DEIRMENOJIAN' S (196**)  "haze  C". 

2.1.2.  Urban  Aerosol  Model 

In  urban  areas  the  rural  aerosol  background  gets  modified  by  the  addition  of  aerosols  fiom  combustion 
products  and  industrial  sources.  The  urban  aerosol  model  therefore  was  taken  to  be  a mixture  of  the  rural 
aerosol  with  carbonaceous  aerosols.  The  sootlike  aerosols  are  assumed  to  have  the  same  size  distribution 
as  both  components  of  the  rural  model.  The  proportions  of  the  sootllke  aerosols  and  the  rural  type  of 
aerosol  mixture  are  assumed  to  be  35%  and  65%  respectively.  The  refractive  Index  of  the  sootllke  aerosols 
was  based  on  the  soot  data  in  TWITTY  & WEINMAN'S  (1971)  survey  of  the  refractive  index  of  carbonaceous 
material s. 

2.1.3.  Maritime  Aerosol  Model 

The  aerosol  compositions  and  distributions  over  the  oceans  are  significantly  different  from 
continental  aerosol  types.  The  maritime  aerosol  component  is  due  to  salt  particles  which  are  caused  by 


2-3 


the  evaporation  of  seaspray  droplets.  Together  with  the  continental  aerosol  background  they  form  a fairly 
uniform  maritime  aerosol  which  Is  representative  for  the  boundary  layer  In  the  lower  l»2  km  In  the  atmo- 
sphere. The  maritime  aerosol  model,  therefore  has  been  composed  of  2 components:  the  sea  spray  produced 
component;  and  a continental  component  which  was  assumed  Identical  to  the  rural  aerosol  with  the  exception 
that  most  of  the  very  large  particles  were  eliminated,  since  they  are  eventually  lost  due  to  fallout  as  the 
airmasses  move  across  the  oceans.  This  model  Is  similar  to  the  one  suggested  by  JUNGE  (I  9&3  and  1972)  and 

Is  Supported  by  the  measurements  of  MESZAROS  and  VISSY  (197^'.  The  slie  distribution  Is  shown  In  Fig.  3 

and  the  parameters  for  the  size  distribution  are  given  In  Table  I. 

The  properties  of  the  seaspray  produced  component  especially  In  the  lower  lOOm  or  so  above  the 

water  depend  strongly  on  relative  humidity  and  also  wlndspeed.  The  nun.ber  of  seaspray  produced  aerosols 

increase  with  wlndspeed,  especially  the  larger  particles.  The  size  distribution  also  is  a function  of 
relative  humidity  since  the  hygroscopic  particles  begin  to  grow  by  absorption  of  water  If  the  relative 
humidity  reaches  values  above  70  percent.  The  dependence  of  humidity  and  wlndspeed  has  not  yet  been 
incorporated  into  the  maritime  aerosol  model;  however  these  dependences  will  be  added  later.  The  present 
maritime  aerosol  model  corresponds  to  moderate  windspeeds  and  a relative  humidity  of  approximately  80%. 
Above  the  Immediate  surface  layer  the  maritime  aerosol  becomes  leas  variable  and  for  this  region  the 
marl  time  model  Is  quite  representative. 

The  refractive  index  is  based  on  that  for  a solution  of  sea  salt  in  water,  using  a weighted  average 
of  the  refractive  indices  of  water  and  sea  suit.  The  refractive  index  of  the  sea  salt  is  primarily  taken 
from  the  measurements  of  VOLZ  (l9/2b).  For  the  refit  cive  Index  of  water  the  survey  of  HALE  and  QUERRY 
(1973)  was  used. 


TABLE  1 


SI  7E  DISTRIBUTIONS 
(Normalized  to  I part i cl e/cm^) 

LOG  NORMAL 


Type  of  Aerosol 

Nj* 

*^1 

V 

^2 

"2 

Ru  ral 

0.9999975 

0.005m 

0.975 

2,5x10*^ 

0,5 

0.975 

Urban 

0.9999975 

0,005m 

0.975 

2.5x10* 

0.5 

0.975 

Maritime  - Continental  Origin 

1. 

0.005M 

0.975 

- 

. 

- 

Maritime  • Sea  Spray  Origin 

1. 

0.3m 

0.9 

- 

. 

. 

Tropospheric 

1. 

0.005m 

0.975 

- 

• 

- 

Meteoric  Dust 

1. 

0.03m 

0.5 

- 

- 

- 

MODIFIED  GAMMA 

A 

a 

7 

b 

Background  Stratospheric 

32h 

1 

1 

18 

Fresh  Volcanic 

3‘t1.33 

1 

i 

8 

Aged  Volcanic 

5,961.33 

1 

7 

16 

2.2  Upper  Troposphere 

In  the  troposphere  above  the  boundary  layer,  the  distribution  and  nature  of  the  atmospheric  aerosols 
becomes  less  sensitive  to  geography  and  the  mesu  or  synoptic  scale  meteorological  variations.  Accordingly 
in  this  region  the  aerosol  properties  become  more  uniform  and  can  be  described  by  a general  tropospheric 
aerosol  model.  The  tropospheric  model  represents  an  extremely  clear  condition  and  can  be  described  by  the 
rural  model  without  the  large  particle  component.  Larger  aerosol  particles  will  be  depleted  due  to  settling 
with  time.  There  Is  some  Indication  from  experimental  data,  that  the  tropospheric  aerosol  concentrations 
are  somewhat  higher  during  the  spring-summer  season  than  during  the  fall-winter  period,  (BLIFFDRD  and 
RINGER,  1969;  and  HOFMANN  et  al.,  197^).  Different  vertical  distributions  are  given  to  represent  these 
seasonal  changes. 

2.3  Stratospheric  Aerosol  Models 

Measurement  programs  carr’ed  out  over  many  years  show  that  In  the  10  to  30  km  region  there  e.xists 
a background  aerosol  in  the  stratosphere  which  has  a rather  uniform  global  distribution.  This  background 
aerosol  is  considered  to  be  mostly  composed  of  sulfate  particles  formed  by  photochemical  reactions. 

These  background  levels  are  occasionally  increased  by  factors  of  100  or  more  by  the  Injection  of 
dust  from  massive  volcanic  eruptions.  Once  these  particles  have  bean  Injected  into  the  stratosphere  they 
are  spread  out  over  large  portions  of  the  globe  by  the  stratospheric  circulations,  and  it  requires  months 
to  years  for  them  to  become  slowly  removed  from  the  stratosphere. 
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One  conclusion  from  measurements  over  the  pest  IS  years  ,j  t^iat  the  stratospheric  aerosol  concen- 
tration during  the  middle  and  late  I960's  was  still  above  normal  backpround  levels  (see  ELTEftHAN  et  al., 
1973;  FOX  et  al.,  1973!  HOFMANN  et  al.,  197^;  and  RUSSELL  et  al,,  197^),  due  to  a residual  of  the  aerosols 
injected  into  the  stratosphere  by  the  eruption  of  Mt.  Agung  during  the  spring  of  1963,  and  other  eruptions 
up  through  I96F  (VOLZ,  1970).  It  was  meajurements  made  during  this  time  period  of  elevated  aerosol 
concentration  which  served  as  the  major  Input  to  ELTERMAN'S  (1968)  and  IVLEV's  (1967  5^  1969)  nodels. 

Recent  measurements  Indicate  that  volcanic  conditions  once  again  exist  In  the  stratosphere  due  to 
*'1  r-  October  197^  eruption  of  the  Fuego  Volcano  In  Guatamala  (see  MCCORMICK  ( FULLER,  1975;  MEINEL  & MEINEL, 
.^75;  ELTERMAN,  1975;  and  VOLZ,  1975a). 

From  these  general  concepts  It  was  concluded  that  it  would  be  meaningful  to  develop  U different 
vertical  distribution  models  for  the  stratosphere:  a background  model,  and  3 different  volcanic  aerosol 

profiles  (moderate,  high,  & extreme)  which  can  represent  either  different  amoU'..,s  of  volcanic  material 
Injected  into  the  stratosphere  or  the  decrease  over  time  from  the  extreme  conditions  following  a major 
event  such  as  the  Krakatoa  explosion  (SYMONS,  1888). 

The  experimental  data  also  confirm  a seasonal  trend  In  the  stratospheric  aerosol  distributions. 

Fig.  I she 'S  these  stratospheric  models  and  also  for  comparison  the  1968  Elterman  model  which  was  based 
on  data  collected  during  the  period  several  years  after  the  Agung  eruption  In  1963  and  therefore  is  repre- 
sentative for  the  moderate  volcanic  conditions. 

The  background  aerosols  are  taken  to  be  a 75%  solution  of  sulfuric  acid  In  water  following  the 
work  of  ROSEN  (1971)  and  TOON  £■  POLLACK  (1973).  The  complex  refractive  Index  as  a function  of  wavelength 
is  based  on  the  measurements  of  REMSBERG  (1971  and  1973)  and  PALMER  and  WILLIAMS  (1975).  The  refractive 
Index  for  the  volcanic  models  Is  based  on  the  measurements  of  VOLZ  (1973)  on  volcanic  dust. 

There  are  two  volcanic  aerosol  size  models;  a "Fresh  Volcanic  Model"  represents  the  size  distribu- 
t’'>n  of  aerosols  shortly  after  a volcanic  eruption;  and  a "Volcanic  Model"  representing  the  aerosol  about 
„ ,ear  after  an  eruption.  Both  size  distributions  were  chosen  mainly  on  the  basis  of  MOSSOP's  (196b) 
measurements  following  the  eruption  oF  Mt.  Agung.  The  size  distribution  was  also  made  consistent  with 
the  observed  wavelength  dependence  of  extinction  due  to  volcanic  aerosols,  and  In  the  case  of  the  "Fresh 
Volcanic"  Model  consistent  with  the  observation  of  optical  phenomena  such  as  Bishop's  rings,  and  a blue 
or  green  sun  sometimes  observed  following  major  volcanic  eruptions  (see  DEIRMENDJ IAN,  1969  and  1973;  and 
VOLZ,  1970,  1975b).  These  size  distributions  are  represenlsd  by  a modified  gamma  distribution: 

dN  . . .0  / . 

“ n(r)  " Ar  exp  (-br  ) 
dr 

whose  parameters  are  given  in  Table  I. 

4her  of  the  two  volcanic  size  distribution  models  can  be  appropriate  to  use  with  the  "moderate" 
or  ' volcanic  vertical  profiles,  depending  on  whether  these  profiles  represent  a major  eruption 

after  couple  of  years  or  a recent  weaker  eruption.  It  should  be  noted  that,  the  profiles  may  have  a 

much  n,  layered  structure  than  Is  shown  In  the  model  distributions,  particularly  shortly  after  a 

volcanic  injection  of  dust  into  the  atmosphere. 

2.b.  Uppr-  Atmosphere 

The  aerosols  above  30  km  represent  only  a very  small  portion  of  the  total  aerosol  content  of  the 
atmosphr  o lor  many  applications  they  can  be  neglected.  However  when  the  effects  of  the  lower  atmo- 
sphere ar^  ..mall,  such  as  satellite  observations  of  the  limb  of  the  earth's  atmosphere  or  determining 

the  ozone  distribution  by  Inverting  measurements  of  backscattered  ultraviolet  from  the  atmosphere,  the 

aerosols  In  the  upper  atmosphere  may  not  be  negligible.  For  this  reason  and  for  completeness,  models  of 
the  aerosols  In  the  upper  atmosphere  have  been  developed. 

The  .ujor  component  of  the  normal  upper  atmospheric  aerosols  Is  considered  to  be  meteoric  dust 
following  the  conclusions  reached  by  NEWKIRK  and  EDDY  (1966)  and  later  ROSEN  (1969)  In  his  review 
article.  Meteoric  or  cometary  dust  also  form  some  of  the  layers  occasionally  observed  in  the  upper 
atmosphere.  POULTNEY  (1972)  has  related  most  of  the  LIdar  observations  (through  1970)  of  layers  In  the 
Upper  atmosphere  to  either  cometary  sources  of  micrometeoroid  showers  or  nocti lucent  cloud  observations. 

The  refractive  Index  of  meteoric  dust  is  based  on  the  work  of  VOLZ  and  SHETTLE  (1975)  who  determined 
the  complex  refractive  index  for  a mixture  of  chondrite  dust  which  represents  the  major  type  of  meteorite 
falling  on  the  earth.  The  size  distribution  is  similar  in  shape  to  the  one  developed  by  FARLOW  and  FERRY 
(1972)  and  has  been  represented  by  a log-normal  distribution  whose  parameters  are  given  In  Table  I. 

Fig.  I shows  in  addition  to  the  normal  upper  atmospheric  model  an  extreme  model  similar  to  IVLEV'S 
(1967,  1969)  model  for  the  tipper  atmosphere.  Attenuation  coefficients  this  large  occur  in  layers  with 
thicknesses  no  greater  than  a few  kilometers.  At  different  times  these  layers  can  be  either  micro- 
meteoroid  dust  or  nocti lucent  clouds. 
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3.  OPTICAL  PBOPEBTtES 


Ba««d  on  th«  Ml«  thtory  for  scattering  by  spherical  particlis,  the  coefficients  for  scattering, 
absorption  and  extinction,  the  angular  scattering  functions,  polarisation,  and  other  optical  properties 
for  these  aerosol  aiodols  have  been  datamilned  for  a range  of  wavelength  values  from  0.2  to  hOpm  Including 
II  later  wavelength  values. 

Fig.  k gives  a comparison  of  the  wavelength  dependence  of  the  extinction  coefficient  for  the  various 
surface  Models.  The  extinction  coefficients  In  Fig.  l«-9  era  all  normalised  to  an  extinction  coefficient 
of  0.158  km  * at  a wavelength  of  0.55pm  (corresponding  to  a surface  visibility  of  about  23  km  In  order  to 
be  cong>erabla  with  the  Eltarman  and  LOWTRAN  (^ELBY  t.  HCCLATCHEY,  1972)  models.  Figure  k shows  In  addition 
to  the  extinction  coefficients  for  the  rural,  urban,  maritime  and  tropospheric  aerosol  models  also  that 
for  the  andel  Included  In  LOWTRAN  3 which  will  be  published  soon  (the  aerosol  model  in  LOWTRAN  3 Is  based 
on  a prallmlnary  version  of  the  presen:  rural  modal).  One  notices  that  the  tropospheric  model  has  a much 
steeper  wavelength  dependence  because  of  Its  lack  of  large  particles  and  conversely  the  maritime  model 
because  of  the  large  sea  aerosol  component  a much  smaller  X-dapendenca  than  the  remaining  three  models. 
There  Is  surprisingly  little  difference  between  the  rural  and  urban  model  extinction  coefficients.  These 
similarities  do,  however,  not  hold  for  the  coefficients  for  scattering  and  absorption  as  can  be  teen  fiom 
Figures  5 and  6.  The  ratio  of  scattering  to  absorption  are  quite  different  for  the  rural  and  urban  models, 
primarily  because  of  the  higher  absorption  coefficient  of  the  toot  component  In  the  urban  aerosol.  The 
variations  In  the  absorption  and  scattering  coefficients  for  the  marltInM  and  tropospheric  aerosol  models 
are  even  larger,  almost  two  orders  of  eiagnltude  (Fig.  7 8).  The  sharp  changes  which  occur  In  the 

coefficients  near  l(Van,  and  which  are  due  to  the  anomalous  refractive  Index  In  this  region,  are  In 
opposite  directions  for  the  scattering  and  absorption  and  therefore  balance  each  other  to  some  extant  In 
the  extinction  coefficient. 

Fig.  9 ^tves  the  extinction  coefficients  for  the  background  stratospheric  and  the  volcanic  aerosol 
models,  and  Fig.  10  shows  the  spectral  variation  of  the  tingle  scattering  albedo,  I.e.  the  ratio  of  total 
scattered  light  to  extinction,  which  Is  therefore  a measure  for  the  relative  contributions  of  scattering 
and  ab;3orptlon  to  the  total  extinction.  One  will  notice  the  rapid  change  In  the  relative  Importance  of 
aerosol  scattering  and  absorption  In  the  middle  IR  spectral  region.  This  Is  due  to  two  factors,  an 
Increase  In  the  absorption  because  of  an  Increase  In  the  Imaginary  part  of  the  refractive  Index  In  the  IR, 
and  a decrease  In  the  contribution  from  scattering  as  the  wavelength  becomes  significantly  target  than  the 
site  of  the  aerosols. 

There  ere  also  some  noticeable  differences  between  the  angular  scattering  functions  of  these 
various  aerosol  models.  Figs.  II  and  12  give  examples  for  2 wavelengths  1.06  and  10.591pm.  Both 
figures  give  the  phase  function,  which  Is  defined  such  that  the  Integral  from  0*^  to  180*^  becomes  I.  The 
angular  scattering  dependence  is  shown  for  the  principal  components  of  which  the  various  aerosol  models 
are  composed  of. 

I*.  APPII  CATIONS 


Some  examples  of  calculated  atmospheric  transmittances  are  shown  In  Tables  2 and  3 to  Illustrate 
the  effect  of  the  various  aerosol  models  on  the  transmission  of  radiation  at  0.55,  1.06  and  lO.SSIpm  wave- 
length. Table  2 gives  total  atmospheric  transmittances  for  a I km  horltontal  path  at  ground  level  through 
atmospheres  of  different  optical  properties.  The  transmittances  are  derived  from  the  coefficients  for 
molecular  absorption  and  scattering  as  well  as  aerosol  absorption  and  scattering.  Several  important 
conclusions  can  be  drawn  from  these  numbers:  Under  very  good  visibility  conditions  (50  km),  the 

transmittance  at  l0.59lMm  Is  d.-^termlned  by  molecular  absorptlonyprlmarlly  the  water  vapor  continuum.  Only 
for  visibilities  below  about  10  km  the  effect  of  oerosol  attenuation  becomes  significant  at  that  wavelength. 
At  l.06pm  the  aerosol  attenuation  contribution  to  the  total  extinction  Is  considerable  larger,  and  there- 
fore also  the  differences  between  the  different  models  become  more  pronounced.  For  instance  In  a 2 km 
visibility  atmosphere  the  transmittance  at  I.O^im  differs  by  a factor  two  between  the  urban  and  the 
maritime  model,  and  even  In  a 10  km  visibility  situation  there  Is  a 30%  difference  in  transmittance  over 
a I km  path  betwean  a rural  and  a maritime  model.  The  transmittances  at  O.SSpm  are,  by  definition. 

Identical  If  the  visibility  Is  the  same.  One  also  notices  that  except  for  the  2 km  visibility  models 
the  trensmi ttence  at  10.591pm  Is  less  than  at  l.06pm.  This  Is  due  to  the  strong  influence  of  molecular 
attanuatlon  to  the  total  extinction. 

Table  3 gives  a comparison  of  transmittances  for  3 stratospheric  aerosol  models.  In  this  case  the 
transmittances  have  bean  calculated  for  a 10  km  horizontal  path  at  20  km  altitude.  The  total  aerosol 
particle  densities  are  in  accordance  with  the  summer  profile  data  o'f  Fig.  I,  These  numbers  again  reflect 
the  Influence  of  molecular  absorption  at  I0.59ljum  except  for  the  extreme  volcanic  case.  Note  that  molecular 
absorption  here  Is  due  to  the  wings  of  the  9.6pm  ozone  band.  The  low  transmittance  at  I , Ob/imt  for  the 
extresM  volcanic  model  Is  caused  by  the  anomelous  wavelength  dependence  In  the  extinction  coefficient  in 
this  spactrel  region,  which  Is  In  agreement  with  experimental  observations. 

Another  application  of  the  aerosol  models  is  in  determining  the  effects  of  the  atmosphere  on  the 
observed  contrast  of  an  object  and  Its  background,  C.  One  measure  of  these  atmospheric  effects  on  contrast 
Is  the  contrast  transmission,  T^,  which  (t  the  ratio  of  the  apparent  contrast  of  an  object  to  the  Inherent 


contrast,  C^,  of  th«  object  and  Its  background  (t.e.  without  the  Intervening  atmosphere): 

T - C/C 
'c  ^ o 

Figure  13  Illustrates  the  results  of  calculations  of  the  contrast  transmission  for  the  rural 
atmospheric  model  as  seen  from  a 20  km  altitude.  As  might  be  expected  the  reduction  In  contrast  Is 
greatest  looking  near  the  horizon  (which  Is  near  95^  Instead  of  90°  because  of  the  observing  altitude); 
this  Is  because  of  both  Increase  In  the  path  radiance,  or  light  scattered  Into  the  field  of  view,  and  a 
decrease  In  the  radiance  directly  from  the  object  because  of  the  Increase  of  the  viewing  path  length 
through  the  atmosphere.  The  azimuthal  dependence  Is  small  except  when  the  sun  Is  near  the  horizon;  It 
therefore  la  only  shown  for  the  case  of  zenith  angle  BcP. 

The  effect  of  different  atmospheric  conditions  on  the  contrast  can  be  studied  by  examining  the 
ratios  of  the  contrast  transmissions  for  the  different  atmospheric  models  as  In  Figure  |l».  This  figure 
presents  the  ratio  of  T^,  using  the  urban  aerosol  model  In  the  boundary  layer,  to  T^  with  a rural  type 
model  In  boundary  layer.  For  both  of  these  cases  the  surface  meteorological  range  was  taken  to  be  10  km, 
so  the  only  differences  In  the  optical  propartles  of  the  model  atmospheres  rre  the  relative  amounts  of 
absorption  and  scattaring,  and  minor  differences  In  the  phase  functions.  It  can  be  seen  that  with  sun 
high  In  the  skv  the  contrast  transmission  through  the  urban  atmosphere  Is  higher  than  for  the  rural  model, 
whereas  when  the  sun  Is  near  the  horizon  T^  is  higher  for  the  rural  conditions.  This  Is  • result  of 
the  relative  contribution  of  multiple  scattering  (which  Is  reduced  for  the  urban  atmosphere)  to  the  path 
radiance  and  the  surface  Illumination,  and  Its  dependence  on  the  sun  and  viewing  geometries.  Another 
significant  factor  Is  the  relative  Importance  of  scattering  within  the  boundary  layer  versus  scattering 
above  the  boundary  layer  (where  there  la  no  difference  between  the  rural  and  urban  models),  for  the 
different  geometries. 

Using  the. Maritime  aerosol  model,  the  contrast  transmission  Is  comparable  to  that  for  the  Model 
Rural  atmosphare.  Only  with  the  sun  within  20°  to  30°  of  the  horizon,  where  T^  for  the  Maritime  Model  Is 
20%  higher  than  for  the  rural  conditions,  do  the  contrast  transmissions  differ  by  more  than  the  5 to  10% 
error  In  the  calculations. 


TABLE  2 


Aerosol  Model  Visibility 

■'  ■ .55^cm 

1 , OS^cm 

I0,59l;«m 

rural  50  km 

0.925 

0.970 

0.694 

10  km 

0.677 

0.843 

0.673 

urban  10  km 

0.677 

0.822 

0.673 

2 km 

0.142 

0.368 

0,578 

maritime  10  km 

0.677 

0, 691 

0.657 

2 km 

0.142 

0.181 

0.509 

TABLE  3 

Atmospheric  Transmittance  for  a 10  Km  Horl 

Izontal  Path  at 

20  Km  Al t 1 tude 

1 

■ 0. 55ium 

I.OEyan 

10.591/cm 

Background 

0.984 

0,997 

0.908 

Mod.  Volcanic 

0.976 

0.992 

0.913 

Extreme  Volcanic 

0.364 

0.346 

0.634 

5.  SUMMARY 


In  suntnary  the  models  which  have  been  described  here,  allow  the  prediction  of  the  optical  properties 
of  the  atmosphere  over  a wide  spectral  range,  from  the  UV  and  visible  through  the  IR.  The  various  models 
exhibit  significant  differences  In  the  wavelength  dependence  of  their  optical  characteristics.  These 
differences  must  be  considered  In  any  attempt  to  Infer  the  infrared  properties  of  the  atmosphere  from 
those  In  the  visible;  e. g.  relating  IR  transmission  to  visibility  statistics. 

A conclusion  which  we  believe,  one  must  also  draw  from  such  model  studies  Is,  that  because  of  the 
sens! t I tivl ty  of  the  atmospheric  optical  properties  to  the  different  aerosol  characteristics.  It  will  be 
very  Important  for  future  planning  to  develop  a data  base  for  the  variance  and  the  geographical  distributions, 
and  frequency  of  occurrence  of  the  various  aerosol  types.  A program  designed  to  develop  such  a data  base 
for  Europe  Is  OPAQUE,  which  will  be  described  by  Mr.  Bakker  In  paper  No,  19  at  this  meeting. 

j 

The  complete  review  of  the  aerosol  properties,  a detailed  description  of  the  models,  and  tables 
of  results  will  be  contained  In  a foreroming  AFCRL  technical  report. 


2*7 


REFERENCES 

6LIFF0RD,  I.H.  «nd  L.D,  RINGER,  1969,  "Tha  SIsa  and  Numbar  Dlitrtbutlon  of  Aarotolt  In  tha  Continental 
Troposphare,"  J.  Atiwot.  Scl..  26.  716-726. 

OEIRMENDJIAN,  D. , I96A,  "Scattaring  and  Polarization  Propartlas  of  Water  Cloudi  and  Hazes  In  the  Visible 
and  Infrared,"  Add!  . Opt. . i,  187-196. 

DEIRHENDJ IAN,  D. , 1969,  Elactrowieonatlc  Scattering  on  Spherical  Pol  vdlsoarslons.  Ainarican  Elsevlar,  New 
York,  pp  290. 

OEIRMENDJIAN,  D, , 1973,  "On  Volcanic  and  Other  Turbidity  Anomalies",  Advances  In  Geophysics..  16.  267-296. 

DUNTLEY,  S.Q.,  R.W.  JOHNSON,  and  J.  I.  GORDON,  1972,  "Airborne  Measurements  of  Optical  Atmospheric  Properties 
Summary  and  Revleipf',  Univ.  of  Calif.  San  Delgo,  Scripps  Institution  of  Oceanography,  Visibility 
Laboratory,  SIO  Ref  72-82  and  AFCRL-72-0S93. 

ELTERMAN,  L. , 1966,  "Atmospheric  Attenuation  Modal,  1966,  In  the  Ultraviolet,  Visible,  and  Infrared  Regions 
for  Altitudes  to  50  km".  Tech.  Report  AFCRL-66-76O  (Sept.  1966). 

ELTERMAN,  L. , I966,  "An  Atlas  of  Aerosol  Attenuation  anJ  Extinction  Profiles  for  the  Troposphere  and 
Stratosphere",  Tech.  Report  AFCRL-66-828  (Dec.  I966). 

ELTERMAN,  L, , I968,  "UV,  Visible,  and  IR  Attenuation  for  Altitudes  to  50  km,  I968",  Tech.  Report  AFCRL-68- 
0153  (April  1968). 

ELTERMAN,  L, , 1970,  "Vertical  Attenuation  Model  with  Eight  Surface  Meteorological  Ranges  2 to  13  Kilometers, 
Tech.  Report  AFCRL-70-0200  (March  1970). 

ELTERMAN,  L.  , 1975,  "Stratospheric  Aerosol  Parameters  for  the  Fuego  Volcanic  Incursion",  Aopl.  Opt..  1 6. 
1262-1263. 

ELTERMAN,  L, , R.  B.  TOOLIN,  and  J.D.  ESSEX,  1973,  "Stratospheric  Aerosol  Measurements  with  Implications  for 
Global  Climate",  Appl.  Opt..  X2,  330-337. 

FARLOW.  N.  H. , and  G.  V.  FERRY.  1972.  "Cosmic  Oust  In  the  Mesosphere",  Space  Res,.  J2,  369-380. 

FISCHER,  K. , 1973,  "Mass  Absorption  Coefficient  of  Natural  Aerosol  Particles  In  the  0.6-2, 6pm  Wavelength 
Interval",  Beltr.  Phvsik  Atmos. . 66,  89-IOO, 

FOX,  R.J. , G.W.  GRAMS,  B.  G,  SCHUSTER,  and  J.A.  WEINigtN,  1973.  "Measurements  of  Stratospheric  Aerosols  by 
Airborne  Laser  Radar",  J.  Geophvs.  Res. . 78.  7789-7801. 

GRAMS.  G.W.,  I.H.  BLIFFDRO,  JR.,  O.A.  GILLETTE,  and  P.  B.  RUSSELL,  1976,  "Complex  Index  of  Refraction  of 
Airborne  Soli  Particles",  J.  Appl.  Meteor..  13.  659-67I. 

HALF,  G.M.  and  M,  R,  QULRRY,  1973,  "Optical  Constants  of  Water  in  the  200-nm  to  200-pm  Wavelength  Region", 
Appl.  Opt..  J2,  555-563. 

HOFMANN,  0,  J.,  J.M,  ROSEN,  and  T.  J.  PEPIN,  1976,  "Global  Measurements  of  the  Time  Variations  and  Morphology 
of  the  Stratospheric  Aerosol",  Proceedings  of  the  Third  Conference  on  the  Climatic  Impact  Assessment 
Program:  Feb.  26-Mar.  I.  1976.  Ed,  by  A.J.  Broderick  and  T.M,  Hard  (DOT-TjC-OST-76-15), 

IVLEV,  L.  S.  , 1967,  "Aerosol  Model  of  the  Atmosphere",  Prob.  FIz.  Atmos..  No.  2»  Leningrad,  pp  125-160, 

translated  by  Foreign  Science  and  Technology  Center,  Dept,  of  the  Army,  available  from  U. S.  National 
Technical  Information  Service  (AO  760-393). 

IVLEV,  L.  S.  , 1969,  "Atmoapherl c Aerosol",  pp  28-62  In  Radiation  Characteristics  of  the  Atmosphere  and  the 
Earth's  Surface.  Ed.  K.  Ya  Kondrstev,  Amerind  Publishing  Co.,  New  Delhi,  available  from  U.S,  National 
Technical  Information  Service  (No.  TT-7I-58OO3) . 

JUNGE,  C.  E, , 1961,  Air  Chemistry  and  Radioactivity,  pp  382,  Academic  Press,  New  York. 

JUNGE,  C.  E. , 1972,  "Our  Knowledge  of  the  Physico-Chemlstry  of  Aerosols  In  the  Undisturbed  Marine 
Envl  rorvnent",  J.  Geophvs.  Res.  . 77,  5183-5200. 

MCCLATCHEY,  R.  , R.  FENN,  J,  SELBY,  F.  VOLZ,  and  J.  GARING,  1970,  "Optical  Properties  of  the  Atmosphere", 
Tech.  Report  AFCRL-70-0527,  (1970).  Also  revised  edl cions  AFCRL-71 -0279  and  AFCRL-72-0697, 

MCCORMICK,  M.  P,  and  W.  H.  FULLER,  JR.,  1975,  "LIdar  Measurements  of  Two  Intense  Stratospheric  Dust  Layers", 
Appl.  Opt. , Jjl,  6-5. 


MEINEL,  A.  B.  and  H.  P.  MEINEL,  1975,  "Stratoapheric  Oust  Evant  of  Novambar  IS/tf',  Sclanca.  188.  <477-478. 


MESZABDS,  A.  and  K.  VISSY,  1974,  "Concentration,  Slaa  Dlatrlbutlnn  and  Cheinical  Nature  of  Atmospheric 
Aerosol  Particles  In  Remote  Oceanic  Areas",  J.  Aerosol  Scl..  101-109. 

HOSSOP,  S.C.,  1964.  "Volcanic  Dust  Collected  at  an  Altitude  of  20  km",  Nature.  203.  824-827. 

NEWKIRK,  U. , JR.,  and  J.A.  EDDY,  1964,  "Light  Scattering  by  Particles  In  the  Upper  Atmosphere",  J.  Atmos. 
Scl..  21,  35-60. 

PALMER,  K,  F.  and  D.  WILLIAMS,  1975,  "Optical  Constants  of  Sulfuric  Acid:  Application  to  the  Clouds  of 

Venus?",  AppI . Opt. . |4.  208-219. 

PENDORF,  R.  , 1954,  "The  Vertical  Distribution  of  MIe  Particles  In  the  Troposphere",  Geophys.  Res.  Paper 
No.  25,  AFCRL,  Bedford,  MA 

POULTNEY,  S.K. , 1972,  "Laser  Radar  Studies  of  Upper  Atmosphere  Dust  Layers  and  the  Relation  of  Temporary 
Increases  In  Dust  to  Cometary  Ml crometeorold  Streams",  Space  Res. . 12.  403-421. 

REMSBERG,  E.  E. , 1971,  Radiative  Properties  of  Several  Probable  Cons 1 1 tutents  of  Atmospheric  Aerosols. 

PH. D Thesis,  Dept,  of  Meteorology,  University  of  Wisconsin,  Madison. 

REMSBERG,  E, E, , 1973,  "Stratospheric  Aerosol  Properties  and  Their  Effects  on  Infrared  Radiation",  J.  Geophvs. 
Res. , 28,  1401-1408. 

ROSEN,  J.M.  , 1969,  "Strjtospheric  Dust  and  Its  Relationship  to  the  Meteoric  Influx",  Space  Scl  Rev.. 

58-89. 

ROSEN,  J.M.  , 197',  "The  Bolling  Point  of  Stratospheric  Aerosols",  J.  AppI.  Meteor..  1 0.  1044-1046. 

RUSSELL,  P.  B. , W.  VIEZEE,  and  R. D.  HAKE,  1974,  "Lidar  Measurementsof  Stratospheric  Aerosols  over  Menlo 
Park.  California.  Oct.  1972-March  1974*:  Final  Report,  June  1974,  under  Contract  NAS2-7261 . 

SELBY,  J.E.A.  and  R.  M.  MCCLATCHEY,  1972,  Atmospheric  Transmittance  From  0.25  to  28.  Sum:  Computer  Code 
LOWTRAN  2.  AFCRL-TR-72-0745,  ERP  427. 

SYMONS,  G.J.  (Ed.),  I888,  The  Eruption  of  Krakatoa  and  Subsequent  Phenomena.  Report  of  the  Ktakatoa 
Coninl  ttee.  Truebner  and  Co.,  London,  pp  497. 

TOON,  0.  B.  and  J.P,  POLLACK,  1973,  "Physical  Properties  of  the  Stratospheric  Aerosol",  J.  Geophys.  Res,, 

28,  7051-7056. 

TWITTY,  J.T,  and  J.A.  WEINMAN,  1971,  "Radiative  Properties  of  Carbonaceous  Aerosols",  J,  AppI . Meteor.  . 1 0. 

725-731. 

VOLZ,  F.  E.  , 1970a,  "On  Oust  in  the  Tropical  and  Midlatitude  Stratosphere  from  Recent  Twilight  Measurements", 
J.  Geophv.  Res..  1641-1646. 

VOLZ,  F.  E,  , 1970b,  "Atmospheric  TurbI di  ty  After  the  Agung  Eruption  of  I963  and  Si*e  Distribution  of  the 
Volcanic  Aerosol",  J.  Geophy,  Res. . 75.  5185-5194. 

VOLZ,  F.  E.  , 1972a,  "Infrared  Absorption  by  Atmospheric  Aerosol  Substances",  J.  Geophv.  Res. . 77.  1017-1031. 

’A)L2,  F.  E.  , 1972b,  "Infrared  Refractive  Index  of  Atmospheric  Aerosol  Substances",  AppI , Opt. . 1 1 . 755-759. 

VOLZ,  F,  E.  , 1973.  "Infrared  Optical  Constants  of  Ammonium  Sulfate,  Sahara  Oust,  Volcanic  Pumice,  and 
Flyash",  AppI.  Opt..  1 2.  564-568. 

VOLZ,  F.  E, , 1975a,  "New  Volcanic  Twilights",  Science.  I89.  48-50. 

VOLZ,  F.  E. , 1975b,  "Distribution  of  Turbldl ty  After  the  191'  Katmai  Eruption  In  Alaska",  J,  Geophv.  Res.. 
2643-2648. 

VOLZ,  F,  E,  and  E.P.  SHETTLE,  1975,  "Optical  Constants  of  Meteoric  Dust",  under  preparation, 

WARD,  G.  , K.M.  CUSHING,  R.D.  MCPETERS  and  E.S,  GREEN,  1973,  "Atmospheric  Aerosol  Index  of  Refraction  and  SiTie 

Altitude  Distribution  from  BIstatic  Laser  Scattering  and  Solar  Aureole  Measurements",  AppI.  Opt.. 12. 

2585-2592. 


WHITBY,  K.T, , R,  B.  HUSAR  and  B.Y.H.  LIU,  1972,  "The  Aerosol  Slie  Distribution  of  Los  Angeles  Smog", 
J.  Colloid  and  Interface  Scl.. 39.  177-204. 


ALTITUDE  (km) 


FI  gure 


1 The  verticel  distribution  of  the  aerosol  extinction  (et  0.55  microns)  for  the  different  models. 
Also  shown  for  comparison  are  the  Rayleigh  profile  (dotted  line)  and  Elterman's  (1968)  Model, 
Between  2 and  30  KMometers,  where  a distinction  on  a seasonal  basis  Is  made,  the  Spring-Summer 
conditions  are  Indicated  with  a solid  line  and  Fall-Winter  conditions  are  Indicated  by  a dashed 
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Figure  2.  Size  distribution  for  the  present  rural  Aerosol  Model  (solid  line)  compared  with  the  modified 
haze  C model  (dashed  line).  Also  are  the  Individual  log  normal  distributions  (dotted  lines) 
which  make  up  the  rural  model. 
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Figure  3.  Size  distribution  for  the  Maritime  Aerosol  Model.  Also  shown  are  the  aerosols  of  continents! 
origin  (long  dashes)  and  the  sea  spray  produced  aerosols  (short  dashes). 
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Figure  k.  Extinction  coefficients  for  the  lower  atmospheric  aerosol  models  as  a function  of  wavelength. 

The  particle  concentrations  have  been  normalized  so  the  extinction  at  0.55  microns  corresponds 
to  a 23  km  ...etoorologlcal  range>  to  facilitate  a comparison  of  the  wavelength  dependence  of 
the  extinction  for  the  different  models. 
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Figure  5.  Scattering  (dashed  line).  Absorption  (dotted  line)  and  Extinction  (solid  line)  coefficients 

for  the  Rural  Aerosol  Model,  As  In  Figure  b the  extinction  coefficient  Is  normalized  to  give 
a meteorological  range  of  t)  ton  a(  0,$S  Ulcmna.  ^ 
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Figure  8,  Same  as  Fig.  5 for  the  Tropospheric  Aerosol  Model, 
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Extinction  coefficients  for  the  different  stratospheric  aerosol  models  (background  stratospharl r, 
volcanic,  and  fresh  volcanic).  Tha  particle  concentrations  have  been  normal  lied  so  the 
extinction  coefficient  Is  0.158  km"  , at  0.55  microns,  to  facilitate  comparison  with  the  other 
models. 
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Figure  10.  Single  Scattering  Albedo  for  the  dlf*eiT*nt  Stratosphere  Aerosol  Models,  versus  wavelength. 
Single  Scattering  Albedo  Is  the  rati-  i r.ratterlng  to  total  extinction. 
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Figure  II,  Angular  distribution  of  scattered  light  for  different  lower  atmospheric  aerosol  models,  at 
wavelength  of  1.06  microns.  The  phase  function,  P(o),  Is  the  differential  probability 
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Figure  13.  Contrast  transmission  for  the  rural  model  atmosphere,  for  different  viewing  directions. 
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Figure  |1*.  Ratio  of  Contrast  Trani;..lsslon  In  the  Urban  Model  Atmosphere  to  Contrast  Transmission  In 
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SUmART 


This  papw  dasoribaa  aoric  oarrlad  out  to  data  undar  a oontraot  to  study  axparlfflantally  and 
thaoratioally  tha  txananlaaion  throu^d^  tha  ataoaphara  of  laaar  zadiatlon  at  0.63  /urn,  1.06 yw  and 
10.6>um«  A txananlaaooMtar  oparatad  oontlnuoualy  aaaauxaa  tha  attaniuition  of  th4  thraa  udralandtha 
slaMtanaoualy  ovar  a ooaaion  path  lan^rth.  Raaulta  ar«  ooatpaxad  with  daduotlona  from  tha  thaozy  of 
aoattaring  of  alaotromagnatlo  radiation  dua  to  Mia.  Matacrologioal  data  raoozdad  at  tha  aaaa  tlaa 
will  anabla  ooxralatlona  of  tzanamiaaion  with  atnoapharlo  oonditiona  to  ba  nada. 

1.  DITROIXICTION 

FutuM  mllltazy  ranga  finders  and  targat  mazkara  will  uaa  aithar  Naodymlia  (Md^)  or  Carbon 
Dloxlda  (CO2)  lasara  as  tha  primary  transaltting  aouroa.  Tha  opazational  usafulnaaa  of  thaaa  aystans 
will  ba  datainlnad  by  tha  oharaotarlstlos  of  tha  atmoqphara  throu^  >diioh  tha  radiation  must  pass. 

In  particular  the  Kd^  and  OO2  laaar  radiation  at  1.06 yum  and  10.6 ^ raspaotlvaly*  is  attanuatad  in 
tha  atmoapliara  by  aaroaol  aoattarlng  aa  wall  aa  by  watar  vapour  and  oarbon  dloxlda  absorption  at 

10.6  yUm. 

Publiahad  data  oonoamlng  thaaa  propagation  loaaas,  particularly  dua  to  soattarlng.  ara  not 
axtaasiva  anou^  for  a daolalon  to  ba  raaohad  as  to  tha  moat  sultabla  wavelength  I.06  m or  10.6 yua« 
to  ba  adopted  for  any  partloular  operational  raquiramant.  ' ' 

Tha  prime  objaotlva  of  tha  present  study  la  thazafora  tha  oompazativa  maaauramant  of  the 
atmosphavio  attenuation  of  C02  and  Hd5^  laser  radiation  undar  a wide  variety  of  mateorologloal 
oonditions.  Objactiva  assasatietit  of  the  ralativa  uaafhlnaaa  of  thaaa  laser  souroas  will  than  ba 
poaaibla.  Correlations  with  tha  nataoxologloal  pazaaatara  will  anabla  tha  parfoznanoa  to  ba  pradiotad 
in  any  locality  in  idilob  mataorologioal  raoorda  are  available.  Both  a praotloal  and  a thaoratioal 
approaoh  to  tha  problan  is  oalng  made  and  it  la  hoped  that  a sultabla  oomblnatlon  of  raaulta  from  these 
methods  will  yield  an  aooaptabla  solution. 


Two  ooqilata  tranasil  seomatara  have  bean  built,  one  looatsd  at  Cowes  on  tha  Isle  of  Vi^t  tha 
other  at  the  Royal  Airozaft  Gstablishnont.  Faznborou^,  Haavahira.  Apart  from  periods  of  enforoad 
down  time  for  raplaoamant  of  laser  tubas  and  lamps  and  aquipmant  breakdown  one  of  these  is  oparatad 
oontlnuoualy  24  hours  a day.  Standard  mataorologioal  data  Is  raoozdad  simultaneously  with  tha 
transcH  ssomatsz  readings  so  that  oorralatlons  with  these  i>azematars  may  ba  attempted,  Tha  prograna 
is  currently  in  tha  date-gathering  phase  and  fuz'thar  results  during  fog  and  mist  ara  required  before 
thaorlaa  osn  ba  fully  tasted. 

2.  ATTENPATIOW  MECHAHI3M3 

Under  oonditiona  of  slngla  soattarlng  only  tha  monoohromatio  transmittanoa  along  a homogeneous 
path  in  tha  atmosphere  is  exponentially  ralatad  to  distanoa  by 

T - sip  (oil  ) 

where  cA  ■ attanuatlon  ooaffiolant  (Kir*^} 

A > path  length  (llna) 

It  has  bean  found  (Zuev  at  el  1967)  that  single  soattaxring  theory  oan  aooount  for  tha  observed 
attanvuition  for  optloal  depths  (oU  ) up  to  23  when  tha  radiation  is  in  tha  fozm  of  a narrow  oollimatad 
beam  such  as  from  a laaar.  In  gana^  tha  attenuation  is  produced  by  absorption  and  soattarlng  of  the 
alaotroaugnatlo  radiation  by  both  molaoulas  and  aerosol  partlolas.  Thus  tha  attenuation  ooaffiolant 
may  be  subdivided  into  the  sum  of  four  oomponsnts  o<  aOiii  + Xjn^^de-i-Ke  more  <f  is  tbs  soattarlng 
oosffiolsnt.  K is  ths  absorption  oosffioisnt  and  tha  aubaorlpta  'm*  and  'a<  rafaz  to  molaoulaa  and 
aazoaola  raspaotlvaly.  Wharaaa  tha  molaoular  aoattarlng  ooaffioient  la  a funotlon  of  tha  number  of 
molaoulaa  in  tha  path  only,  tha  molaoular  absorption  oosffloiant  is  dspandant  on  tha  looal  tamparatura 
and  praasura  also.  Ths  wevslsiigth  dspsndsnca  of  molaoulsr  sosttsrlng  is  X for  visible  and  infra-rad 
radlstian,  while  the  variation  with  wavalangth  of  molsoular  absorption  is  ooiq>lox  owing  to  ths  largs 
number  of  dlaorata  absorption  lines  of  ths  various  stmospbsrlo  oonstituanta.  This  study  is  primarily 
oonosmsd  with  sxtlnotion  ooaffioisnts  bstwsan  tha  limits  0.6  Ka-l-  to  6,0  KIs*^  and  tbs  tranamlasoaistar 
has  bean  optimlsad  to  oovar  thla  range.  Apart  from  molaoular  abaozption  by  H2O  and  CO2  at  10,6  am  tha 
most  Important  attenuation  nacdianiam  at  thaaa  vmluss  is  aaroaol  toattaring  and  tha  papar  will  tharafora 
ba  devotad  to  thla  aspaot. 
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: THAMSKI33CMETBR  EOPlPMEaro 

Bzp«rliMntall7'  th«  atno^iharlo  trknnltalon  is  monltorad  bjr  • total  mnmigr  double  xaflaotlng 
trananlsooMtar  or«c  a total  path  lan^th  of  560  matara.  Dia  double  raflaotlac  prlnolpla,  ooiqprialiic 
a ainffla  trananlttar  •>  raoaivar  vith  tvo  ratxo-raflaotora  apaoad  at  diatanoaa  R1  and  R2  Item  tha 
tranamittar  la  oapabla  of  graatar  aoouxaoy  than  othar  daalfna  (KlUlolc  and  Bataoan  1972)  • Tha 
aztlnotlon  ooafflolant  la  oaloulatad  from  tha  ratio  of  the  tranmnlaaiona  ovar  tha  tvo  path  lan^tha 
thusi- 


Iba  great  advantage  of  thia  teohniqua  la  that  provided  tha  tvo  ratro-raflaotora  are  Idantloal  tha 
oongputad  extinction  ooafflolant  la  Indapandant  of  tha  affiolanoy  of  tha  optioal  ayatan* 

3>1«  Optioal  Daaign 

Tha  tvo  ratro-raflaotora  are  of  tha  foouaalng  type  eonalating  of  a amall  plana  aaoondaxy  mirror 
at  tha  fooua  of  a paraboloidal  primary  raflaotor.  Iba  firat  ratro-r«n.aotor  la  at  10  matara  froai  tha 
tranamittar  and  the  aaoood  at  280  matara.  In  tha  abaanoa  of  atmoaph*  io  turbulanoa  tha  ratviming 
radiation  la  foouaaad  dovn  to  a apot  alaa  approaohlng  that  vhloh  laavaa  tha  trananlttar.  Iba  aooaptanoa 
aparturaa  of  both  ratro-raflaotora  and  raoalvara  are  auoh  that  tha  full  beam  vldth  la  oollaotad  undar 
all  oonditlona*  Biaoh  laaar  beam  la  ohoppad  and  trenamlttad  thxou^  a 50^  baamaplittar  vhloh  aamplaa  tha 
outgoing  beam  for  driving  a phaaa  aanaltlva  detaotor  and  for  monitoring  tha  laaar  output  power.  It  alao 
aarvaa  to  dlraot  tha  returning  beam  on  to  tha  algnal  detector.  Since  5<^  of  tha  return  alao  paaaaa  into 
tha  laaar  aoma  attenuation  la  required  to  prevent  optioal  faedbadc  affaoting  tha  operation  of  tha  laaar. 

The  thraa  wavalangthst  0.63^im  to  10.6 <um  axe  oombinad  Into  a alngla  coaxial  beam  by  meana  of  a 'oold* 
mirror  and  a garatanlum  flat^  A aohamatlo  of  tha  optioal  layout  la  ahown  In  figure  1.  Iha  returning 
radiation  la  aaparatad  Into  the  thraa  vavalangtha  by  tha  aama  ooaq>onanta  and  foouaaad  by  5 cm  diameter 
lenaaa  on  to  tha  appropriate  detaotor  alamant. 

3.2.  SLaotrloal  Daaign 

Plaaaay  Fyroalaotrio  dataotora  are  uaad  to  dataot  tha  10.6  m radiation  while  DDT  PIN  10  photo- 
dlodaa  are  miq>loyad  for  tha  othar  two  vavalangtha.  Tha  ohoppad  algnal  la  aaiplli'iad  and  reotlflad  by  tha 
phaaa  aanaltlva  dataotora.  Tha  rafarenoe  algndl  level  la  uaad  to  oontrol  tha  gain  of  the  anpllflar  ataga 
auoh  that  tha  output  la  indapandant  of  laaar  power  fluotuationa.  Thla  anauraa  that  tha  output  larval  la 
directly  proportional  to  tranamlaalon.  Tha  algnal  output  together  with  houaakaaplng  data  and  tha  raadlnga 
from  tha  atandaxd  mataorologloal  inatrumanta  are  fad  to  tha  data  aoqulaltlon  ayatam.  Thla  alao  oontrola 
tha  aaquanoa  of  oparationa  for  tha  vdiola  axparlmant*  Raadlnga  axe  normally  taken  at  15  minuta  Intarvala 
except  idian  tha  vlalblllty  la  in  tha  range  of  Intaraat  tdxan  tha  r^ta  la  automatloally  avltohad  to  reading 
every  3 mlnutaa.  Tha  \diola  atatlon  la  daaignad  for  unattended  op  ration  axoapt  for  routine  dally  ohaoka 
and  replaoamant  of  data  tapaa.  Data  la  punched  onto  paper  tape  for  aubaaquant  analyaia  by  computer  for 
preaantatlon  In  a format  aui table  for  oompariaon  with  theoratloal  axpaotationa. 

4,  AKAIISIS  OF  RESUinS.  C0HPARI3OH  WITH  THBOBT 

xn  ,..ior  to  aenaibly  interpret  the  reaulta  from  tha  tranamiaaomatar  it  la  naoaaaary  to  oonduot  a 
thao. '**loal  axarolaa  Into  tha  affaota  of  aoattarlng  on  the  propagation  of  radiation  in  the  ataoaphara. 

Thl'!  ‘ «'ran  thr  ui  of  tha  ooiqEnitatlon  of  tha  extinction  due  to  aoattarlng  for  a range  of  atmoaphario 
aar-  »vxUxi.a» 

4...  iia  Soattarlng 

Tha  oooiplata  daacriptlon  of  tha  aoattarlng  of  alaotro-magnatio  radiation  by  a alngla  partlola  la 
given  by  tha  Mia  theory  (Mia  1908).  However,  tha  rigoroua  theory  la  inoonvanlant  to  uaa  and  arpanslva  in 
oomputar  time  and  for  tha  purpoaa  of  thla  atudy  an  approximation  formula  haa  bean  uaad  (Van  da  Bulat  1937). 
Thla  la  valid  over  a raatriotad  range  of  rafraotive  Indloaa  oloaa  to  unity  but  la  axtandad  in  ruiga  and 
aoouraoy  by  an  emplrloal  oorraotion  formula  (Dlarmandjian  1969).  For  rafraotive  Indloaa  In  the  range  1.0  - 
1.50  with  an  Imaginary  (abaorbing  oomponent)  part  up  to  0.25  the  oorreotad  approximation  la  within  4^  of  the 
axaot  formulation.  It  la  therefore  jiarfaotly  aatlafaotory  for  oomputationa  on  tha  aoattarlng  of  viaibla  and 
infra-rad  radiation  by  the  atmoaphario  aeroaol. 
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4.2.  Aaioaol  Sla*  '^''atribt 


In  dealxis^  with  tb«  .-aal  atmoaphara  it  la  naoaaaary  to  maka  aoma  almpliiying  aaaumptlona  regarding 
the  nature  of  tha  atmoaphario  aeroaol.  Tha  almplaat  poeaibla  aaauaption  will  be  \iaad  unlaaa  it  la 
Bubaaquantly  ahovn  to  be  inadequate.  Iha  model  ohoaan  for  thla  atudy  la  tharafora  an  aeroaol  eonalating 
of  a auapanalon  of  apherloal  water  droplata  with  a alaa  diatrlbution  deaorlbad  by  a gamaia  function 
dlatrlbution  (Zuev  1970) 
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moat  pjrababla  radlua 
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and  tha  aaepraaaion  la  noxmallaad  to  unit  partlola  oonoantration.  At  large  radii  thia  dlatrlbution  baoomaa 
idantloal  with  tha  familiar  Junga  power  law.  It  la  one  of  the  family  of  diatributlona  ohoaan  by  Dlarmandjlan 
aa  a modal  for  haaa  and  oloud.  It  la  alao  mathamatioally  ooovanlant  to  uaa  aa  It  may  be  readily  latagratad 
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to  flT*  th«  total  liquid  vatv  oontant  f^oa 


5^^  

(11) 

*** 

In  units  of  voltM  par  unit  voltaa  of  aaroaol  par  unit  partiola  oonoantratlon. 
Coaiputatlon  of  Sxtlnotlon  Coaffloiant 


Tha  axtinotlon  ooafflolant  for  any  vavalangth  in  tha  nodal  atmoaphara  aay  ta  oaloulatad  by 
Intagxatlnc  tha  loaa  dua  to  aoattarinc  and  abaorption  by  a aingla  partiola  orar  tha  aiaa  diatribution 


"ant 


N 


J'  


uhara  K > total  nur'>ar  of  partlolaa  par  unit  voluna 


and  i . (a,  ■)  » affloianoy  factor  for  axtinotlon  for  a ainqla  partiola  of  radiua  'a*  and  ralMotira 

indar  >n'. 

Thia  aaqpraaaloa  has  baan  araluatad  by  mmarioal  Intagration  for  a wlda  xania  of  TSluaa  of  tha 
pazaastara  of  tha  distribution  funotlon  for  all  thaaavalanytha  of  Intarast.  Tha  raaulta  haaa  baan 
praaantad  in  tha  I'om  af  a plot  of  tha  attanuation  ooafflolant  varaua  nodal  radlua  for  aarioua  raluas  of 
ya  and  rafraotiva  Indax.  It  is  found  that  varying  tha  rafTaotiva  Indax  or  tha  uldth  paraaatar  haa 
Mlatlraly  littla  affaot  oonparad  to  Yariatlona  In  tita  valua  of  r.  Pleura  2 ahowa  tha  thaoratieal 
attanuation  at  1«06  aj*  and  10.6  m nomallaad  to  unit  liquid  vatar  oontant.  fton  this  it  nay  ba 
obaaraad  that  at  10^6 /un  tha  attanuation  la  alnoat  dlraotly  proportional  to  tha  liquid  aatar  oontant 
balne  alnoat  Indapandant  of  tha  way  in  uhloh  this  is  diatributad.  Par  tha  praaant  study  it  is 
oonraniant  to  oonsldar  tha  ratio  of  attanuatlons  at  tha  two  uavalanetha  nnd  to  asswa  a oonstant 
TSlua  of  2 for  tha  paraaatar  /u.  Tha  ratio  of  attanuatlons  la  than  datasnlnsd  only  by  tha  nodal 
radius.  Vslne  tha  axparlaanthlly  dataminsd  valuas  of  •artlnotlon  ooafflolant  and  with  tha  aasaoptloas 
nada  abora  it  is  than  poaslbla  to  darlva  valuas  for  r fron  tha  ratio  of  attanuatlons  and  honoa  a valua 
for  q tha  liquid  watar  oontant  from  tha  attanuation  of  10.6 /nn.  i valua  for  H,  tha  partiola  oonoantratlon^ 
nay  than  ba  oaloulatad.  A uaaful  way  of  praoantlnc  tha  raoUtts  is  to  oonsldar  a plot  of  dlO.6  wanras 
61.06.  Pigura  3 ahowa  a oonputad  nap  of  610.6  aeainat  61.06  Indioatlne  tha  loons  of  points  with  ooawtant 
r and  oonatant  H.  Xt  may  ba  saan  that  for  <aiall  radii  (r  < 5 /m)  aaoh  point  on  tha  plot  oorraspoods  to  a 
unlqua  valua  of  N and  r«  Coaq>ariaon  of  fleura  3 with  a ]^ot  of  axparlMntal  data  in  tha  som  fozsat 
tharafora  givas  an  lisaadlata  inal#it  into  tranda  of  partiola  siaas  and  ntaibaro. 


5.  PRBUMIHABT  taCPERlMan’AL  resuuts 

Soaw  raaulta  obtalnad  during  tha  month  of  May  fron  tha  Parnboron^  aita  ara  prasmtad  in  tha  fan 
of  a soattar  plot  of  610.6  against  61.06  in  flgura  4*  Two  diaUnot  tranda  ora  innadlataly  apparant  from 
thia  plotf  ona  Indloatlng  modal  radii  lasa  than  yiK  and  tha  othar  radii  graatar  than  Syon  with  fav  points 
In  batwaan.  This  is  typioal  of  all  tha  rasults  ^talnad  to  data  and  tha  affaot  may  alw  'j*  saan  In  a plot 
of  aortlnotion  ooafflolcits  against  tlma  for  a fog  whioh  ooourrad  in  tha  aarly  hours  of  9tt  May,  1975  ahown 
in  flgura  5. 

It  is  saan  that  tha  attanuation  at  1.06yvai  and  0.65Aaa  inoraaaad  ataodlly  vblla  no  ohanga  at  all 
was  obaarrad  at  10.6 yum  until  a vary  Sharp  inorasaa  ooouzzad  at  all  thraa  worralangths  ttfdng  tha  axtinotlon 
ooaffioianta  bayond  xha  normal  oparating  ranga  of  tha  transmissoaiatar. 


5>1.  Intarpratatioa  of  Raaulta 


lha  intarpratation  of  this  In  tarns  of  partiola  siaas  is  that  tha  aarosol  partiolas  appaxantly  grow 
vtaadily  in  sisa  until  a oritioal  radius  is  raaohad  bayottd  whidh  furthor  growth  takas  plaoa  Tazy  rapidly 
to  raaoh  a now  aqulllbriun.  Tbasa  oonoluaiona  aza  aubotontlatod  by  maasuraaianta  of  drop  aiaa  dlatributions 
nada  during  tha  progzaaa  of  a radiation  fog  (Oarland  1977,  Rosob  1977) • Iharlng  tha  first  phosa  of  tha  fog 
tha  drop  siaa  distribution  was  mono-nodal  with  a pradooiinant  drop  sisa  balov  lyum  radius.  As  tha  fog 
davrelopad  a saoond  paak  around  lOyum  appaarod  in  tha  distrflartim  ourras.  It  is  thaaa  lazgor  droplsts 
that  oontrlbuta  mostly  i.o  tha  liquid  watar  oontant  and  to  tha  attanuation  at  10.6yoa.  It  is  poatulatad 
(llaibuxgar  and  Chian  19^)  that  tha  small  droplats  raprasant  hygroaoopio  partiolas  ^diioh  hanra  takan  tv 
watar  until  thay  raaoh  aq^llbrivn  with  tha  ourroundlng  satuxatad  air  and  tha  oaoond  paak  is  nada  up  of 
partiolas  tdtoaa  oritioal  supaarsaturatlans  hava  boon  axoaadad,  zasultlng  in  growth  Uni  tod  by  tha  sivply 
of  watar  vapour. 

5.2.  Corralation  of  Fazamatara 


Ona  of  tha  alms  of  tha  study  is  to  attampt  to  oorralata  tha  attanuatlons  at  1.06yun  and  10.6ynm 
with  standard  mataorologioal  pazanstars.  31noa  tha  attanuation  io  laxgaly  dataominad  by  tha  natura'  of 
tha  atraosphario  aaroool  it  aaaaia  faaaibla  to  usa  tha  nloxophyoleal  paromataro  of  tha  fog  as  on  Intar- 
madiata  stap  and  look  for  oozralations  batwaan  thasa  and  tha  mataorologioal  data.  For  partiolas  ^oh 
ara  larga  oonparad  with  tha  warralangth  of  obaarvation  tha  affloianoy  factor  for  soattarlng  osolllataa 
about  tha  valua  2.0  and  ovantually  baoonaa  oonatant  for  vary  largo  radii.  Thus  prorldad  tha  droplats 
ara  diatributad  evar  a raaoonably  wlda  ranga  of  sisas  than  wa  oan  put  6axt  ■ 2.0  In  aquation  (iv;  and 
intagrata  to  obtain  6 ■ 6if  Hr^^  .................(v). 
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Qalac  th«  valiua  of  N and  r darivad  fxon  tha  attanuationa  at  1.06/un  and  10.6/oa  (aftar  oorraotlon  for 
nolaoular  ataoxptlon  at  10.6  Ajn),  tha  valua  of  haa  baan  plottM  acalnat  tna  airtlnotion  at  0.63 /ua. 

Aa  nay  ba  aaan  in  fi^uxa  6 (oonaldarlnc  tha  aaavaq^tloaa  nada)  thara  la  qulta  good  agraaaiant  batvam  tha 
axparinvital  polnta  and  aquation  (t).  Sinoa  it  ia  to  ba  axpaotad  that  thara  ia  a vary  oloaa  oorralation 
batwaan  tha  axtinotion  at  0.63/un  and  tha  mtaorologioal  viaibility  through  tha  ralation  ▼ • J.o/d* 

(for  5 oontraat  Unit)  thia  iavliaa  that  ona  oan  dariva  a valua  for  Nr^  fron  a knowladga  of  tha 
'naibility.  It  than  xaqulraa  ana  othar  oorralation  batvaan  R and  r or  aona  funotion  of  both  vith  for 
inatanoa  ralativa  humidity  to  anabla  valuaa  of  tha  paroaMtaro  to  ba  datamlnad  aaparataly  fron  tha 
aataorologioal  oonditiona  thua  allowing  tha  axtinotion  ooaffioiant  at  any  vavalm^th  in  tha  lnfra>rad 
to  ba  pradlotad.  Work  ia  ouxrantly  in  prograaa  to  attanpt  to  idantify  auoh  a oorralation. 

3.3.  Statlatioa  of  Bxtinotion  Coaffioianta 

Tha  othar  aim  of  tha  atudy  la  to  oonpaza  tha  parfomanoa  of  ayatana  ualng  Rd-7AO  laaar  and  a CO2 
laaar.  With  thla  in  mind  tha  data  haa  baan  praaantad  in  tha  form  of  a oumulativa  probability  plot. 

Flgura  7 ahowa  tha  probability  of  tha  axtinotion  at  tha  apaoifiad  wavalangtli  not  axeaoding  a givan  valua. 
It  tnoludaa  raoorda  nada  froa  Ootobar  1974  to  May  1975*  Ona  oan  daduoa  from  thla  that  if  it  la  daairad 
to  oparata  a ayatan  ovar  a long  path  langth  whara  axtlnotlona  of  < 0.4  XTrl  ara  aignifleant,  than  a 
l,06iua  laaar  would  hara  a graatar  paroantaga  oposatlng  tima  than  a 10.6 /vn  ayatan,  w^la  for  ahortar 
path'langtha  tha  10.6 /um  laaar  haa  tha  advantaga.  Thla  la  dua  to  tha  raaldual  atmoaidiario  abaorption 
at  10.6^un  Whloh  llmlta  tha  tranamlaalon  at  thia  wavalangth  undar  olaar  oonditiona. 

6.  COWOLtBIOMS 


Maaauramanto  with  a aulti>wavalongth  tranmniaaomatar  daaorlbad  abova  and  thaoratloal  oaloulatlona 
ualng  an  approxliaatian  to  tha  Mia  aoattarlng  formula  indloata  that  thara  la  no  unlqua  ralation  batwaan 
tha  attanuation  dua  to  aoattarlng  at  10.6  « and  1.06^  or  0.6,3^.  Tha  ratio  of  attanuatlona  at  two 
wmvalmtgtha  haa  baan  uaad  to  daduoa  a valua  for  tha  mbdal  radlua^of  an  aaauaad  drop  alaa  diatrlbution 
and  valuaa  ao  obtainad  ara  ahown  to  ba  in  good  agraamant  with  a tiiaoratioal  formulation  fox  vlaibillty 
aa  a funotion  of  tha  diatrlbution  paramatara.  Ovar  tha  ranga  of  axtinotion  ooaffioi«ita  naaauxad  by 
thia  tranamlaaonatar  (0.6  .6.0  Klri)  tha  CO2  laaar  had  tha  graataat  probability  of  panatratlng  a givan 
dlatanoa  during  tha  wlntar  74/75. 
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R£.'OTE  AEROSOL  SENSING  WITH  AN  ABSOLUTE  CALIBRATED  DOUBLE  FREQUENCY  LIDAR 
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Institute  for  Atmospheric  Environmental  Research,  Garmisch-Partenkirchen,  Germany 

of  the  Fraiuihofer-Society 
and 

N.C.  Varshneya, 
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SUMMARY 


A two-frequency  (694  and  34?  nm  wavelength)  lidar  system,  using  a Q-swltched 
ruby  laser  transmitter  with  frequency  doubler  and  a 52  cm  dia.  receiving  telescope,  for 
remote  aerosol  sensing  up  to  more  than  30  km  altitude  is  described.  The  system  includes 
electronic  data  acquisition  and  processing.  Sufficient  sensitivity  for  high  altitude 
stratospheric  measurements  is  provided  by  ten-channel  photon  counting  combined  with  range 
gating  of  the  photomultiplier  tube,  and  a mechanical  chopper  for  rejection  of  the  non- 
coherent ruby  fluorescence.  The  system  is  now  being  absolutely  calibrated  by  comparison 
between  lidar  backscatter  profiles  on  the  one  hand,  and  theoretical  backscatter  functions 
calculated  from  experimental  aerosol  and  aerological  data,  using  Rayleigh  and  Mie  scat- 
tering theories,  on  the  other.  The  experimental  data  are  acquired  at  mountain  stations 
at  740,  1800  and  3000  m altitude  by  means  of  five-stage  impactors  and  of  cable  car  probes 
and  radiosondes.  Examples  of  tropospheric  lidar  backscatter  profiles,  together  with  aer- 
osol and  aerological  profiles,  as  well  as  stratospheric  lidar  measurements  are  presented. 


INTRODUCTION 


For  more  than  10  years  tho  Institute  for  Atmospheric  Environmental  Research  of 
the  Fraunhofer  Society  has  been  operating  a system  of  3 geophysical  measuring  stations 
in  the  area  of  Garmisch-Partenkirchen  in  the  Bavarian  Alps.  The  Institute  itself  is  lo- 
cated at  the  outskirts  of  the  town  at  740  m a.s.l.  and  serves  as  valley  station.  The 
other  2 stations  are  located  on  two  neighboring  mountain  peaks  (Wank  peek  and  Zugspitze 
peak)  at  1780  m a.s.l.  and  2964  m a.s.l.,  respectively.  The  base  distance  between  these 
two  mountain  stations  is  15  km.  The  Institute  is  situated  approximately  half-way  between 
these  mountain  stations.  Both  of  the  latter  are  readily  accessible  by  cable  car  and, 
during  daytime,  are  manned  with  one  technician,  each  (REITER,  R. , 1969a). 

At  these  stations  continuous  measurements  of  number  concentration  and  size  dis- 
tribution of  aerosol  particles  are  conducted  within  the  scope  of  several  geophysical 
research  programs  to  study  the  vertical  distribution  of  atmospheric  aerosols.  To  this 
end,  5-stage  impactors  are  used  for  the  size  range  above  approximately  .2  microns,  and 
Rich  type  Aitken  nuclei  counters  with  diffusion  chambers  for  smaller  particles  from  .01 
microns  in  diameter  (CARNUTH,  W. , 1970,  and  REITER,  R. , 1969b).  At  our  V/ank  peak  station 
we  are  additionally  employing  a Royco  particle  size  spectrometer.  Furthermore,  continu- 
ous chemical  analyses  of  aerosol  samples  have  been  conducted  at  Wank  peak  station,  since 
about  5 years  (REITER,  R. , SLADKOVIC,  R. , and  POTZL,  K. , 1974). 

To  extend  our  aerosol  measurements  to  the  altitude  ranges  between  the  station 
levels,  additional  measurements  by  cable  car  probes  were  taken  up  in  1967.  By  this  means, 
vertical  profiles  of  aerological  (temperature,  humidity,  wind  speed)  and  atmospheric- 
electrical  parameters  (polar  electric  conductivity  and  potential  gradient)  are  measured 
as  functions  of  atmospheric  pressure.  These  data  are  radioed  to  the  Institute  where  they 
are  recorded  (REITER,  R. , 1967,  -.See) . 

Electrical  conductivity  is  essentially  determined  by  the  concentration  of  small 
ions  in  air.  These  small  ions  '.rill  diffuse  onto  aerosol  particles  and  thus  lose  their 
mobility.  For  this  reason  conductivity  is  an  indirect  measure  of  particle  concentration. 

Direct  acquisition  of  uerosol  data  by  cable  car  is  limited  with  regard  to  weight 
and  power  supply  of  the  equipment.  For  about  one  year  now,  a small  battery  powered  Gen- 
eral Electric  Ai  tken  nucleus  co  uiter  has  been  available  which  may  be  incorporated  into 
the  Zugspitze  cable  car  telemetry  system  to  directly  supply  profiles  of  nucleus  concen- 
tration, but  not  of  size  distribution. 

Development  of  the  laser-radar  (lidar),  in  recent  years,  has  provided  a means 
of  expanding  our  aerosol  measuring  program,  especially  into  altitude  ranges  beyond  sta- 
tion levels  (Zugspitze  peak  3 km).  We  therefore  set  ourselves  to  developing  a calibrated 
lidar  system  capable  of  supplying  quantitative  data  on  aerosol  number  concentration  end 
particle  size  distribution  in  the  stratum  extending  from  a few  IC'J  m up  to  at  least  20 
to  30  km. 

The  mode  of  operation  of  the  lidar  is  very  similar  to  the  conventional  microwave 
radar;  a high-energy  laser  pulse  (usually  a Q-switched  ruby  laser  is  employed)  is  emitted 
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and  the  light  scattered  by  aerosol  particles  and  air  molecules  is  measured  as  a func- 
tion of  travel  time  or  distance,  and  related  to  output  power.  Thus  a qualitative  repre- 
sentation of  aerosol  distribution  along  the  measured  distance  is  quickly  obtained  in  a 
simple  manner.  Determination  of  quantitative  data  of  aerosol  constitution,  however,  is 
much  more  difficult  since  in  an  intricate  manner  the  scattering  cross  section  of  the 
particles  is  a function  of  a number  of  parameters,  primarily  of  size  or  size  distribution 
and  refractive  index.  Theoretically  it  is  entirely  impossible  to  deduce  quantitative 
information  on  number  concentration  of  the  particles  from  one  single  frequency  lidar 
return,  unless  plausible  assumptions  can  be  made  as  to  their  size  distribution,  chemi- 
cal composition,  etc. 

Additional  information  on  particle  size  distribution  can  be  obtained  by  yarying 
either  the  scattering  angle  (bistatic  lidar,  as  opposed  to  monostatic  where  transmitter 
and  receiver  are  at  the  same  place,  resulting  in  an  invariable  scattering  angle  of  180'^) 
or  the  transmitter  wave  length. 

The  influence  of  size  distribution  on  angle  dependence  of  scattered-light  inten- 
sity is  a function  of  the  forward  scatter  as  increasing  with  particle  size  according  to 
Mie's  theory.  However,  measuring  the  angle  dependence  of  scattered  light  by  means  of 
bistatic  lidar  is  done  quite  rarely  since  it  involves  considerable  experimental  diffi- 
culties. So,  it  is  altogether  impossible,  with  any  justifiable  effort  to  obtain,  within 
a short  period,  return  signals  from  one  and  the  same  volume  of  air,  under  varying  scat- 
tering angles. 

Variation  of  transmitter  frequency  is  much  simpler  to  realize,  technologically, 
either  by  employing  several  lasers  of  different  types,  or  by  using  frequency  doubling. 
According  to  Mie's  theory  o''  scattering,  the  scattering  cross  section  is  appreciably 
different  from  zero  only  for  such  particles  whose  scattering  parameter  01=  2Tl  r/\  (r  = 
particle  radius;  X = wave  length  of  laser  light  used)  is  at  least  equal  to  1 , or  whose 
diameter  is  greater  than  or  equal  to  the  third  part  of  wave  length.  Thus  the  higher  the 
transmitter  frequency  the  smaller  the  particles  that  can  be  identified.  This  will  per- 
mit subdividing  the  size  range  into  several  partial  intervals,  so  to  speak. 

Our  lidar  system  which  is  described  in  detail  in  the  following  section,  works 
on  two  wave  lengths;  (i)  that  of  the  ruby  laser,  694  nm,  and  (ii)  that  obtained  by  fre- 
quency doubling,  547  nm.  Early  in  1976  a second  unit  will  be  available,  a mobile  one 
which,  in  addition  to  these  frequencies,  is  equipped  with  a frequency  doubled  neodymium 
glass  laser  with  a wave  length  of  533  nm. 

Interpretation  of  the  backscatter  profiles  measured  can  theoretically  be  done 
by  applying  Mie's  theory.  However,  because  of  the  intricacy  of  the  Mie  scatter  functions 
certain  simplifying  assumptions  must  be  made,  particularly  in  regard  to  shape  and  con- 
stitution of  the  scattering  particles.  Except  for  cylinders  of  infinite  length,  the 
functions  can  be  computed  strictly  only  for  homogeneous  spheres  whose  refractive  index 
is  known,  a precondition  which  in  nature  is  met  only  in  more  or  less  close  approximation. 
The  refractive  index,  aside  from  physico-chemical  composition,  is  severely  dependent 
upon  water  contents  and  thus  can  likewise  be  stated  only  approximately. 

In  this  situation  we  are  able  to  great  advantage  to  apply  our  aerosol  data, 
which  are  available  for  the  lower  troposphere  up  to  3000  m a.s.l.,  to  computing  theo- 
retical backscatter  profiles,  comparing  these  with  the  ones  measured,  and  thus  experi- 
mentally calibrating  the  unit. 

To  this  end  the  following  individual  determinants  are  available; 

(a)  694  nm  and  347  nm  lidar  returns; 

(b)  data  on  aerosol  number  concentration  and  particle  size  distribution  from 
our  700  m,  1800  m and  3000  m station  levels,  plus  vertical  profiles  of  Aitken  nucleus 
concentration  from  the  entire  range  between  700  m and  3000  m a.s.l.; 

(c)  vertical  profiles  of  temperature  and  humidity,  measured  by  our  own  radio- 
sondes. 


An  essential  precondition  to  these  investigations  of  course  is  a calibration  of 
the  lidar  system  as  such,  strictly  from  a point  of  view  of  measuring  techniques,  i.e. 
both  the  laser  energy  emitted  and  the  incident  scattered-light  power,  must  be  known, 
froii  time  to  time,  at  least  up  to  a constant  factor.  For  details  in  this  respect  see 
below. 


2.  DESCRIPTION  OF  THE  LIDAR  SYSTEM 


Arrangement  of  system  and  working  mode  are  briefly  explained  by  Fig.  1 , repre- 
senting the  mechanical  layout,  and  by  the  block  diagram,  Pig.  2,  showing  the  electronics 
in  detail,  as  follows.  The  Q-switch  ruby  laser  (1)  (Q-switch  by  Kerr  cell  or  Pockels 
cell  (5))  is  mounted  horizontally  on  a solid  frame  in  a penth'..- : ^ structure  on  our  In- 
stitute building.  Its  maximum  output  is  2 joules  correspondir.^  tc  '00  MW  at  a pulse  du- 
ration of  20  ns,  its  total  beam  divergence  3 mrad.  Power'  fo;  "he  fla;:h  lamp  is  taken 
from  a 782  mfd  capacitor.  The  charging  voltage  is  adjustabl-y  between  1.0  kV  and  3.2  kV 
and  is  regulated  to  exactly  1?6. .Charging  time  is  just  a few  tenths  of  a second,  thus  a 
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The  receiver  unit  is  mounted  vertically  in  a waterproof  case  (19)  which  is  rig- 
idly installed  in  the  open  on  the  platform  of  the  building.  For  reasons  of  economy  and 
safety,  a swivelling  arrangement  was  dispensed  with.  The  signals  are  received  by  a 
Cassegrain  telescope  (16)  of  astronomical  quality,  its  primary  reflector  (17)  diameter 
52  cm,  focal  length  380  cm.  In  the  secondary  focus  we  find,  in  sequence,  an  iris  dia- 
phragm (21),  an  optical  shutter  (22),  a neutral  wedge  (23),  a filter  turret  (24)  with 
interference  filters  for  the  two  wave  lengths  used,  and  a collimating  lens  (28). 

Shutter,  neutral  wedge,  and  filter  turret  are  remote  controlled.  Below  the  lens  (28) 
there  is  the  photomultiplier  tube  (25),  type  EMI  9816,  with  S20  cathode,  in  a commer- 
cial cooling  box.  In  front  of  it  a polarization  filter  (29)  may  be  inserted  to  measure 
polarization.  Furthermore  a coil  (31)  is  installed  in  the  cooling  box,  by  means  of  which, 
via  a special  control  unit  (33) « amplification  of  the  photomultiplier  tube  is  achieved, 
increasing  with  the  square  of  transit  time. 

Above  the  secondary  reflector  (18)  of  the  telescope  a carriage  (14)  moved  by  a 
servo-motor  is  installed,  upon  which  a KDP  frequency  doubler,  and  one  45  deg.  mirror 
for  each  of  the  two  transmitter  frequencies,  are  adjustably  mounted.  Through  an  aper- 
ture in  the  wall  of  the  building  the  laser  beam,  insid'»  the  receiver  case,  will  hit 
either  the  one  mirror  directly,  or  the  second  one  after  passing  the  doubler  and  will  be 
directed  vertically. 

The  receiver  case  is  thermostated  and  covered  on  top  by  a tilted  quartz  glass 
plate,  in  the  center  of  which  a horizontal  window  (20)  is  found,  also  of  quartz  glass. 
Through  the  latter  the  laser  beam  will  exit  upward. 

Via  a glass  fiber  cable  (35)  and  appropriate  filters,  part  of  the  light  reflected 
back  from  the  exit  window,  will  be  received  by  one  photodiode  (34)  for  each  of  the  two 
frequencies.  The  signals  delivered  by  these  diodes  are  digitized  by  an  AD  converter  and 
will  provide  a measure  of  transmitter  power  output.  A calorimeter  (37)  can  be  installed 
above  the  exit  window  (20)  for  absolute  calibration  of  the  diodes. 

The  backscatter  signals  received  by  the  photomultiplier  tube  are  processed  analo- 
gously if  of  sufficient  intensity.  To  this  end  they  are  fed,  via  a fast  gain- switching 
amplifier  (43)  for  reducing  of  colume  range  into  a Biomation  8100  transient  recorder 
(39)  where  they  are  stored  in  digitized  form. 

With  an  amplitude  resolution  of  8 bit  the  recorder  has  a storage  capacity  of 
2048  words  and  maximum  sampling  rate  of  100  MHz.  For  further  processing  in  the  computer 
the  stored  data  are  output  on  punch  tape  (42). 

Due  to  increasing  resolution  into  single  photon  pulses  very  weak  signals  from 
high  altitudes  cannot  be  analog-recorded.  For  this  situation  a ten-channel  photon  counter 
with  a resolution  of  200  MHz  and  range  gating  facility  is  available.  The  ten  channels 
are  gated  after  an  adjustable  delay  time  for  time  intervals  which  are  presettable,  too, 
and  which  in  turn  correspond  to  defined  altitude  levels.  By  changing  certain  single  po- 
tentials at  the  dynode  chain  the  PMT  normally  blocked  is  simultaneously  triggered.  This 
device  termed  range  gating  facility  prevents  overloading  of  the  PMT  by  intensive  short- 
range  signals  and  can  also  be  of  great  advantage  with  analog  measurements. 

Accurate  recording  of  weak  signals  from  high  altitudes  requires  additional  sup- 
pression of  the  relatively  long  lasting  incoherent  ruby  fluorescence  which,  acting  as  an 
interference  in  case  of  strong  backscatter  from  very  short  range,  could  superpose  the 
measuring  signal.  In  addition  a mechanical  chopper  (45)  is  available  blocking  the  beam 
path  completely  after  137  psec  which  corresponds  to  an  altitude  of  21  km.  An  appropriate 
electronic  control  with  optical  sensors  ensures  exact  synchronization  of  chopper  passage 
and  Q- switch  triggering. 


3.  THEORETICAL  BASIS 


In  evaluating  lidar  signals,  i.e.  in  deducing  desired  aerosol  paj  _eters  from 
measured  data,  a mamber  of  theoretic o-mathematical  problems  are  encountered  which  are 
outlined  as  follows. 

The  light  power  backscattered  from  an  air  volume  located  at  distance  R from  the 
receiver,  and  entering  the  receiver,  is  proportional  to  the  intensity  of  illumination 
at  this  point,  at  the  effective  receiver  surface  as  well  as  inversely  proportional  to 
the  square  of  distance.  Furthermore  it  is  proportional  to  the  backscatter  cross  section 
consisting  of  a molecular  component  (Rayleigh  scattering)  and  an  aerosol  component  (Mie 
scattering).  The  latter  is  the  desired  measured  value.  Finally  it  must  be  considered 
that  the  emitted  laser  light  as  well  as  the  backscattered  light  are  more  or  less  con- 
siderably weakened  by  extinction.  And  again  it  is  the  scattering  of  air  molecules  and 
aerosol  particles  which  predominantly  contributes  to  extinction;  the  rest  can  be  ascribed 
to  particle  absorption  and  possibly,  in  the  case  of  wave  lengths  below  400  nm,  to  fluo- 
rescence excitation.  The  interrelations  outlined  can  be  represented  by  the  so-called 
lidar  equation,  as  follows: 
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wherein 
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R 

E 
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transmitter  wavelength  (694  or  347  nm) 

distance  between  receiver  and  scattering  volume  considered 
output  laser  pulse  energy  (Joules) 

p 

power  flux  incident  on  the  receiver  (Watts/m  ) 

velocity  of  light 

molecular  backscatter  function 

aerosol  backscatter  function 

molecular  volume  scattering  coefficient 

aerosol  volume  scattering  coefficient 


To  determine  the  wanted  aerosol  backscatter  coefficient  the  relation  P/E  for 
both  wavelengths  must  first  be  known.  This  calls  for  calibration  of  transmitter  and  re- 
ceive" in  terms  of  measuring  technique.  Absolute  measuring  of  transmitter  pulse  energy 
by  ; calorimeter  and  photodiode  is  relatively  simple.  By  contrast,  due  to  the 

gres  «.  ;v  ingoing  parameters  (effective  transmitter  surface,  permeability  of  op- 
tic...  jdiVts,  quantum  efficiency  of  photocathode)  sufficiently  accurate  measurement  of 

i.e.  determination  of  the  constant  K in  the  proportionality  i(R,X)  = K(X,V)* 
"'(R,A),  V = PMT  high  voltage,  existing  between  P and  the  PMT  output  current  i(R,\)  is 
ossible  only  by  attaining  and  evaluating  returned  signals  from  an  atmosphere  of  known 
backscattering  properties.  Air  masses  with  a minimum  aerosol  number  concentration  and  a 
correspondingly  predominant  Rayleigh  scattering,  are  the  most  suitable  for  this  purpose. 
Due  to  the  advantageous  location  of  our  observing  station  in  an  alpine  valley  far  away 
from  large  settlements  or  Industrial  areas  sucn  atmospheric  conditions  are  not  infre- 
quent, especially  in  winter.  Since  the  vertical  profiles  of  temperature  and  humidity 
only  are  required,  the  Rayleigh  scattering  can  theoretically  be  computed  with  consid- 
erably greater  reliability  than  the  Mie  scattering.  These  vertical  profiles  can  from 
time  to  time  be  determined  by  our  own  Rawlnsonde.  Suitable  weather  situations  can  be 
selected  with  advantage  by  using  our  aerosol  data  measured  st  our  stations  as  well  as 
by  cable  car  probes. 

Once  the  system  constant  is  found  by  calibration  measurements,  and  thus  the 
ratio  P/E  in  the  lidar  equation  is  known,  the  next  problem  would  be  the  computation  of 
aerosol  backscattering  function  B/y  (R,X)  from  the  lidar  signals  continuously  obtained. 
The  problem  is  complicated  by  the  fact  that  in  the  extinction  term,  aerosol  constitution 
enters  into  the  lidar  equation  a second  time  in  the  form  of  0(r,\)  and  not  only  with  its 
value  at  the  point  of  measurement  (r  = R)  but  with  that  along  the  entire  distance  be- 
tween point  of  measurements  and  receiver. 

In  order  to  solve  this  problem  a method  of  calculation  has  been  developed  where 
the  atmosphere  is  from  time  to  time  appropriately  subdivided  into  horizontal  layers.  In 
this  manner  the  lidar  equation  may  be  evaluated  by  increments,  starting  from  R = 0. 
Altitude  profiles  of  the  variable  B = PR2/E  which  are  calculated  and  plotted  from  the 
measured  data  by  means  of  computer,  are  used  as  a basis  particularly  for  selecting 
altitude  steps.  For  our  computations  it  was  necessary  to  recalculate  and  tabulate  the 
very  intricate  Mie  scattering  functions  for  a number  of  values  of  the  complex  refrac- 
tive index  and  for  several  particle  size  distributions,  for  which  no  tables  were  as  yet 
available  in  literature. 

The  refractive  index  is  a function  of  chemical  particle  composition,  and  among 
other  things  very  sensitive  on  water  content  of  the  particles  and  hence  on  air  humidity. 
Hence,  relative  humidity  is  to  be  considered  in  computing  theoretical  scattering  func- 
tions. Comprehensive  studies  have  been  conducted  by  HAneL  (1968,  1971,  1972)  concerning 
the  relationship  between  relative  humidity,  on  the  one  hand,  and  water  content  and  re- 
fractive index  of  the  particles,  on  the  other,  the  results  of  which  were  used  in  our 
calculations.  According  to  this,  particles  will  absorb  practically  no  water  below  70% 
humidity;  above  this  value,  depending  on  chemical  composition,  absorption  is  more  or 
less  considerable,  especially  as  saturation  is  approached. 

Since  lidar  data  up  to  now  are  available  in  two  wavelengths  only,  a 2-parameter 
model  must  be  assumed  for  size  distribution  of  aerosol  particles.  As  suggested  by  our 
impactor  data  as  well  as  the  findings  of  other  authors  we  chose  a so-called  bimodal 
distribution,  consisting  of  two  log  normal  distributions  ("coarse”  and  "fine"  parti- 
cles) of  a constant  half -band  width  and  position  of  maxima  but  variable  heights  ad- 
justed to  respective  measured  data. 

A schematic  flow  chart  of  the  calibration  procedure  is  represented  in  the  block  diagram, 
Fig.  3.  Practical  evaluation  examples  are  found  in  Part  4.2. 


4.  OPERATING  EXAMPLES 

4.1.  Empirical  Comparisons  of  Lidar  Backscatter  Profiles  with  Cable  Car  Sonde  Data 
A few  examples  of  empiric  comparisons  between  lidar  backscatter  profiles,  on 
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nuclei  number  concentration,  on  the  other,  are  presented  below,  see  Figs.  4 through  8. 

In  detail,  the  following  parameters  are  measured  by  cable  car  sondes: 

(a)  Temperature  (T), 

(b)  Wet-bulb  or  psychrometer  temperature  (T').  This  is  the  temperature  of  a 
ventilated,  wet-tissue  covered  thermistor'.  It  is  the  more  below  air  temperature  T,  the 
drier  the  air,  thus  providing  a measure  of  relative  humidity.  Both  temperature  scales 
rise  to  the  left. 

(c)  Polar  electric  conductivities  X , X_.  As  mentioned  above,  as  a result  of 
aerosol  particles  capturing  small  ions,  condfictivity  will  decrease  with  increasing 
particle  number  concentration.  Thus,  the  purer  the  air,  the  greater  the  value  of  con- 
ductivity. Consideraticn  must  be  given  to  the  fact  that  high  particle  concentrations 
are  measured  with  a lesser  accuracy  than  low  ones.  Conductivity  scales  also  rise  to  the 
left. 


(d)  Aitken  nuclei  number  concentration,  N.  A small  Aitken  nuclei  counter  pro- 
vides total  number  of  all  particles  per  cc,  above  a limiting  value  of  about  .01  pm  di- 
ameter which  is  determined  by  the  expansion  ratio,  but  otherwise  Irrespective  of  size 
distribution.  Again,  the  scale  rises  to  the  left. 

These  profiles  are  compared  against  our  lidar  data  which  are  represented  by  the 
variable  B = PZ2/E  (P  = incident  radiation  power;  Z = distance  or  altitude;  E = trans- 
mitter pulse  energy)  in  relative  units,  standardized,  however,  for  each  wavelength  so 
as  to  be  comparable  among  each  other.  As  the  lidar  equation  shows,  term  B or,  respec- 
tively for  694  nm  wavelength,  and  Btjy  for  347  nm,  is  propci  t. tonal  to  the  backscat- 
tering  function,  excepting  extinction  losses.  Because  of  the  shor  “"easuring  distance 
in  this  case,  extinction  is  not  assumed  to  have  any  considerable  efrect,  at  least  in 
the  red.  Unlike  all  other  parameters  the  B-scale  in  the  graphs  rises  to  the  right. 

In  comparing  B to  N it  must  be  considered  that  the  backscattering  function,  un- 
like nuclei  concentration,  is  a function  of  particle  size  distribution,  roughly  speaking 
in  the  form  of  preference  to  the  large  particles.  Therefore,  exact  parallelism  of  the 
two  parameters  is  not  to  be  expected. 

The  profiles  shown  in  Figs.  4-8  were  recorded  11  June  75  during  a weather  sit- 
uation which  is  very  tjTJical  of  a mountain  valley  opening  into  a plain;  Due  to  heating 
of  the  mountain  slopes  bv  insolation  in  the  hours  of  the  forenoon  air  will  ascend  there. 
The  resultant  suction  w:  .1  cause  air  from  the  fore-plain  which  is  more  polluted  and  fre- 
quently also  more  humid,  to  be  carried  up  the  valley  more  and  more.  This  process  will 
stop  toward  the  evening  and  be  reversed  in  the  course  of  the  night.  The  flown-in  air  is 
replaced  by  air  of  a low  aerosol  content,  flowing  down  from  the  slopes. 

The  Fig.  4 diagram,  at  1020  GET,  still  shows  an  inversion  at  2100  m a.s.l.,  well 
defined  by  temperature  increase  and  humidity  decrease,  which  had  developed  as  a result 
of  nocturnal  radiation.  Underneath  we  find,  demonstrated  by  increased  lidar  backscatter 
and  CN  concentration  plus  c ^creased  conductivity,  a largely  homogeneous  well  mixed  layer 
of  an  aerosol  content  high<.  chan  that  foxind  above  the  inversion.  The  step  in  lidar 
backscatter  intensity  is  more  distinct  in  the  red  (B{^)  than  in  the  ultraviolet  (Bjjy). 

This  situation  observed  quite  frequently  may  be  explained  by  the  considerably  higher  mo- 
lecular component  of  the  backscattering  function  in  the  short  wave  range. 

Closely  below  the  inversion  a maximum  is  found  in  the  Bj^  -curve,  which  is  absent  with 
the  Aitken  nuclei.  However,  it  turns  up  again  as  minimum  in  the  conductivity  profile. 

This  is  assumed  to  be  the  phenomenon  of  precondensation.  Within  the  range  of  the  highest 
relative  humidity  marked  by  the  shortest  distance  between  T and  T',  the  particles  have 
absorbed  water  to  such  an  extent  that  increased  backscatter  and  capture  of  small  ions 
have  resulted.  This  interpretation  is  corroborated  by  the  Fig.  5 diagram,  which  shows 
the  conditions  20  minutes  later.  At  the  inversion  single  cimuli  have  already  developed, 
one  of  which  was  temporarily  located  at  the  zenith  within  the  fielc*  of  view  of  the  re- 
ceiver at  time  of  the  694  nm  lidar  measurement  causing  a correspondingly  intensive  sig- 
nal. Conductivities  here  show  a very  distinct  minimum,  while  again  no  increased  nuclei 
concentration  is  observed.  With  certainty  the  minimum  of  conductivity  has  been  caused 
by  the  relatively  fast  capture  of  small  ions  on  cloud  droplets.  Speed  of  capture  of 
Aitken  nuclei  on  cloud  droplets  is  considerably  slower,  hence  a similar  effect  is  not 
observed. 

Some  time  later,  at  1413,  the  inversion  has  disintegrated  between  2.1  and  2.2 
km  a.s.l.,  due  to  increasing  turbulence.  No  structure  whatsoever  is  found  in  lieu  of  it 
in  any  of  the  profiles.  However,  by  the  behavior  of  CN,  \ , B;^  and  Buy  air  of  high 

aerosol  content  having  flown  in  from  the  foreplaln  can  be  aetected  in  the  lower  layers. 

At  its  upper  boundary,  at  1450  m a.s.l.,  development  of  a now  inversion  has  commenced. 
Different  fine  structures  of  CN  end  Bf^  may  be  caused  by  local  conditions,  inasmuch  as 
we  are  here  dealing  with  a dynamic  process  occurring  in  the  horizontal  (the  distance  be- 
tween lidar  and  cable  car  sites  is  approximately  10  km). 

About  an  hour  later  (1503  CET,  Fig.  7)  readily  indicated  by  the  behavior  of  lidar 
and  cable  car  data,  the  upper  boundary  of  the  air  masses  flowing  up  the  valley  has  ascend- 
ed to  1550  m a.s.l.  and,  like  the  temperature  Inversion  at  the  same  altitude,  has  become 
more  distinct.  Again  half  an  hour  later  the  upper  aerosol  boundary  has  arrived  at  1750  m 
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a.s.l.  Below,  the  fine  structure  of  Bo  and  CN  has  weakened.  An  interesting  observation 
is  the  now  existing  minimum  of  particle  concentration  in  the  zone  of  inversion,  becoming 
apparent  in  the  CN  and  conductivity  profiles,  and  Judging  from  the  absence  of  a corre- 
sponding minimum  in  the  Bj^  profile  is  apparently  limited  to  the  small  particles. 

A. 2.  A Calibrated  Aerosol  Density  and  Size  Distribution  Profile  Obtained  from  Back- 

scatter  Profiles  in  Two  Frequencies 

The  example  is  taken  from  a series  of  lidar  firings  made  on  February  26,  1975  at 
09^0  CET.  It  coincides  with 

- a radiosonde  ascent  yielding  the  Rayleigh  scattering  profiles, 

- data  transmission  from  the  Zugspltze  cable  car  telemetry  system, 

- simultaneous  measurements  of  the  aerosol  size  distribution  at  the  three  stations. 

Although  lidar  data  were  recorded  up  to  a maximum  height  of  6750  m a.s.l.  and 
radiosonde  data  are  available  up  to  29  km,  the  evaluation  was  limited  to  a maximum  height 
of  3000  m a.s.l.  This  is  the  range  where  detailed  comparison  with  serological  and  aerosol 
measurements  is  possible. 

This  comparison  is  shown  in  Fig.  9.  The  density  profiles  for  fine  and  coarse 
aerosol  fit  fairly  well  to  the  particle  concentrations  derived  from  the  impactor  meas- 
urements at  Wank  peak  (denoted  by  and  W2)  and  at  Zugspltze  (denoted  by  Z-^  and  Z2). 

The  concentration  values  W^ , W2,  Z^  and  Z2  are  obtained  by  integration  of  the  correspond- 
ing log-normal  size  distributions  rltted  to  the  measured  size  spectra  (Figs.  10  a-c). 

The  calibration  was  ... . . by  calculating  the  system  constants  for  both  lidar 
frequencies  in  an  iterative  ^ 'lutio,;-.',  .'•f  the  lidar  equation  starting  with  the  known  aerosol 
densities  and  W2  at  Wank  lev  ’ vxd  stepping  down  to  the  level  of  the  lidar  installation 
in  order  to  eliminate  th-  effect  ;u'  aerosol  extinction.  It  has  to  be  pointed  out  that  the 
calibration  routine  is  nf-  yet  completely  straightforward  and  automatic.  This  inconve- 
nience is  mainly  -..ae  to  aome  arbitrariness  in  the  choice  of  the  backscatter  signal  back- 
grounds, as  can  be  seen  from  the  density  profiles.  The  absence  of  fine  aerosol  data  above 
2100  m a.s.l.  means  that  in  the  course  of  the  evaluation  routine  negative  particle  con- 
centrations occurred  probably  due  to  an  overestimation  of  the  347  nm  backscatter  signal 
background.  Variation  of  this  parameter  would  lead  to  an  increase  in  the  number  of  fine 
particles  and  to  a simultaneous  decrease  in  the  number  of  coarse  particles. 

4.3.  Examples  for  High  Altitude  Lidar  Measurements  Using  Photon  Counting  Technique 

The  range  gating  technique  allows  the  application  of  much  higher  PMT  voltages 
during  nighttime  with  no  sky  background  present,  without  overloading  of  the  tube  by  the 
strong  short-range  signal.  The  resulting  high  gain  factor  is  necessary  for  getting  single 
photon  pulses  of  sufficient  amplitude.  First  measurements  performed  with  range  gating 
revealed  the  return  signal  to  be  too  intensive  for  photon  counting  even  at  more  than  40 
km  altitude,  if  maximum  receiver  sensitivity  is  applied,  i.e.  if  the  gray  wedge  is  set  to 
its  minimum  attenuation  position.  Fig.  11  shows  a series  of  analog  signals  recorded  with 
the  Biomation  8100  using  range  gating  of  the  PMT.  The  gate  delay,  i.e.  the  time  lag  be- 
tween Q-switching  and  the  beginning  of  the  gate  interval  had  been  set  to  successively  in- 
creasing values  of  60,  80,  ...,  300  microseconds,  corresponding  to  altitudes  of  9 to  45 
km  above  station  level  (9.75  to  45.75  km  above  sea  levelV  The  length  of  the  gate  inter- 
val itself  was  30  psec  or  4.5  km.  This  resulted  in  a set  of  overlapping  partial  signals, 
which  are  presented  as  original  strip  chart  plots  in  the  figure.  The  svirprisingly  high 
signal  amplitude,  which  by  far  exceeds  the  time  resolution  limit  of  the  PMT-photon  counter 
system,  clearly  shows  up  in  the  diagram.  This  circumstance  is  very  favorable  for  photon 
counting,  since  proper  positioning  of  the  gray  wedge  allows  optimizing  of  the  receiver 
sensitivity,  i.e.  avoiding  both  insufficient  signal  resolution  due  to  poor  statistics  and 
piling  up  of  photon  peaks,  resulting  from  too  high  photon  count  rates. 

On  August  19,  1975,  a series  of  return  signals  was  recorded  using  photon  counting. 
The  gray  wedge  had  been  shifted  to  a 6%  transmissivity  position.  Again  the  gate  delay  was 
set  to  60.  80,  ...  300  psec  and  additionally  to  400  and  500  psec  (60.75  and  75.75  km  above 
sea  level).  The  length  of  the  gate  interval  was  30  psec  again  (3  psec  per  channel).  The 
evaluation  of  the  results  showed  that,  with  the  ten  laser  firings  per  range  gate  setting, 
the  number  of  photon  counts  per  channel  was  still  too  small  for  sufficient  amplitude  re- 
solution. For  a proper  presentation  of  the  data,  therefore,  the  counts  of  three  adjacent 
channels  (channels  No.  2-4,  5-7,  and  8 - 10,  re.spectively)  were  added,  and  range- 
corrected  by  multiplying  with  the  square  of  distance.  This  series  of  lidar  shots  was  per- 
formed two  times,  with  and  without  using  the  fluorescence  suppression  device. 

The  diagrams  Fig.  12a  and  12b  represent  the  two  backscatter  pi-ofiles  in  a semi- 
logarithmic  scale,  together  with  the  density  profile  of  the  standard  atmosphere,  which 
had  been  fitted  to  the  backscatter  profiles  at  10  km  altitude.  The  signal  Fig.  12a  was 
recorded  with,  the  signal  Fig.  12b  without  using  the  fluoi'escence  suppression.  The  lidar 
backscatter  profile  quite  closely  follows  the  atmospheric  density  profile  up  to  about  20 
km  altitude.  This  is  to  be  expected  since,  due  to  the  low  particle  number  concentrations 
at  higher  altitudes,  the  molecular  part  of  the  backscatter  cross  section  should  predomi- 
nate. 


Above  20  km,  however,  an  increasing  deviation  between  the  backscatter  and  molec- 
ular density  profiles  is  observed,  strongly  indicating  a superimposed  background  signal. 
Since  this  background  is  only  slightly  reduced  by  the  fluorescence  suppression  device. 
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as  a comparison  of  Figs.  12a  and  12b  clearly  ohows,  it  is  very  improbably  caused  by  ruby 
fluorescence  stray  light  bypassing  the  chopper.  In  the  future,  testing  measurements  are 
to  be  performed  to  find  out  the  origin  of  this  background.  In  the  case  it  would  turn  out 
to  be  an  overload  effect  of  the  PMT  cathode  due  to  the  strong  short-range  signal  (KENT 
et  El.,  1971),  it  should  be  possible  to  eliminate  or  at  least  reduce  this  background  by 
further  reducing  the  receiver  sensitivity  by  means  of  the  gray  wedge.  Otherwise,  if  the 
backgi'ound  is  unavoidable  at  all,  it  must  be  subtracted  from  tho  backscattei'  profiles. 
This  should  be  practicable  since  it  actually  doesn’t  affect  very  much  the  signals  from 
the  ranges  of  main  interest  up  to  ?J  km  altitude. 


5.  CONCLUSIONS  AND  FUTURE  PLANS 


The  hitherto  gained  experiences  proved  the  lidar  method  in  general  and  especial- 
ly our  system  to  be  a powerful  tool  at  least  for  qualitative  aerosol  sensing  and  ranging 
up  to  more  than  20  km  altitude.  Quantitative  aerosol  sensing  requires  a careful  calibra- 
tion of  the  system  and  the  knowledge  of  additional  parameters,  mainly  the  size  distribu- 
tion of  the  particles.  The  two-frequency  method,  after  calibration  by  comparison  with 
simultaneously  acquired  aerological  and  aerosol  data,  can  be  considered  as  an  useful 
first  approach.  (In  1976,  an  additional  mobile  Ildar  system  will  be  avr  lable,  allowing 
three  frequency  operation  using  a second,  frequency  doubled  Neodymium  ^^xass  laser  trans- 
mitter with  553  nm  wavelength). 

In  the  near  future,  the  main  efforts  are  to  be  made  carrying  out  ^nore  simulta- 
neous lidar  and  aerosol  and  aerological  measurements  under  different  atmospheric  condi- 
tions, thus  improving  and  completing  the  calibration  procedure.  Then,  with  the  present 
lidar  system,  and,  lateron,  with  the  second  mobile  unit,  continuous  measurements  are  to 
be  performed  for  studying  horizontal  ard  vertical  variations  in  aerosol  constitution, 
aerosol  transport  processes  and  processes  of  local  cloud  formation  and  disintegration, 
and,  finally,  for  a general  control  of  atmospheric  pollution  up  to  the  lower  stratosphere. 
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Fig.3  Schematic  flow  chart  of  the  theoretical  calibration  procedure 
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Fig.4  A sequence  of  694/347  nm  lidar  backscatter  profiles  (Bg , B(jy)  and  simultaneous  aerological  profiles 
measured  by  the  cable  car  sonde.  CN  = Aitken  nuclei  number  concentration,  , X_  = polar  electronic 
conductivities,  T = dry  temperature,  T'  = wet  temperature 


Fig.5  A sequence  of  694/347  nm  lidar  backscatter  profiles  (8^  Byv)  and  simultaneous  aerological  profiles 
measured  by  the  cable  car  sonde.  CN  = Aitken  nuclei  number  concentration,  X+ , ==  polar  electronic 

conductivities,  T = dry  temperature,  T'  = wet  temperature 
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Fig.6  A sequence  of  694/347  nm  lidar  backscatter  profiles  (Bn,  Bjjv)  and  simultaneous  aerological  profiles  1 i 

measured  by  the  cable  car  sonde.  CN  = Aitken  nuclei  number  concentration,  , X_  = polar  electronic  i 
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Fig.7  A sequence  of  694/347  nm  lidar  backscatter  profiles  (Br  , Buy)  and  simultaneous  aerological  profilfes 
measured  by  the  cable  car  sonde.  CN  = Aitken  nuclei  number  concentration,  , X—  = polar  electronic 
conductivities,  T = dry  temperature,  T'  = wet  temperature 
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Fig.8  A sequence  of  694/347  nm  lidar  backscatter  profiles  (Br  , Bjjy)  and  simultaneous  aerological  profiles 
measured  by  the  cable  car  sonde.  CN  = Aitken  nuclei  number  concentration,  X+ , X_  = polar  electronic 
conductivities,  T = dry  temperature,  T'  = wet  temperature 


Fig.  10  Impactor  measurements  of  aerosol  size  distribution  (points)  and  fitted  bimoaal  distributions  (coarse  and  fine  particles) 

from  the  valley  station  (Garmisch).  Wank  peak  and  Zugspitze  peak 
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SUMMARY 


A qualitative  discussion  pointing  out  some  of  the  sources  of  error  and  fluctuations  in  a long-path 
laser  differential  absorption  system  measuring  the  concentration  of  atmospheric  gaseous  pollutants,  is 
given.  Except  for  single  gas  detectors  using  narrow  optical  frequency  ranges  (<1  cm“l),  the  unpredictable 
or  unknown  spread  in  the  dispersive  properties  of  the  extinction  caused  by  continuum  absorption  and 
scatter,  is  of  major  concern.  In  addition,  the  limitations  of  fast  cross-correlation  of  signals  to  com- 
pensate for  turbulence  induced  fluctuations  is  discussed. 


1.  INTRODUCTION 


The  purpose  of  this  contribution  is  to  discuss  the  various  sources  of  error  and  fluctuations  limi- 
ting the  sensitivity  of  an  air  pollution  monitoring  system  uxilizing  differential  absorption  of  laser 
radiation  on  a long  atmospheric  path.  In  particular  we  will  estimate  the  effects  of  a turbulent,  humid 
and  scattering  atmosphere. 

Most  common  pollutants  are  simple  molecules  with  a resolved  vibration-rotational  spectrum  even  at 
atmospheric  pressures.  A system  designed  for  detection  of  one  specific  pollutsmt  may  take  advantage  of 
the  well  defined  narrow  (0.05  - 0.15  om”^)  absorption  lines  and  use  a continuously  tunable  or  frequency 
modulated  laser  like  the  semiconductor  diode  or  the  high-pressure  waveguide  molecular  laser. 

However,  in  many  applications,  for  instance  detection  of  toxic  gases  with  broad,  featxu’eless  absorp- 
tion bands,  and  in  general,  in  multifrequency  approaches  to  quantitative  analj-sis,  one  has  to  deal  with 
comparatively  large  frequency  differences,  typically  100  cm'!  or  more.  Moreover,  the  laser  source  does  not 
always  produce  the  optimum  frequencies  or  the  ones  that  uniquely  matches  the  peak  absorption  of  the  diffe- 
rent molecules . 

Even  if  we  find  a set  of  laser  lines  such  that  line  absorption  interference  may  be  regarded  un- 
important, we  still  have  to  worry  about  attenuation  caused  by  particle  scatter,  tTirbulence  and  in  some 
cases,  continuum  absorption. 

These  contributions  do  all  have  dispersive  properties  that  create  interfering  signals,  and  proper 
compensation  requires  ability  to  predict  these  frequency  dependances.  This  is  in  general  only  possible  to 
a certain  extent  due  to  lack  of  complete  knowledge  of  the  distribution  and  the  extinction  properties  of 
the  constituents  responsible  for  the  attenuation. 

In  order  to  discuss  this  we  choose  to  consider  a particularly  simple  system  with  a laser  beam  pro- 
pagating one  way  to  a distant  receiver.  The  laser  is  switched  between  two  preselected  optical  frequencies, 
for  instance  two  lines  in  a COp  laser.  One  of  these  frequencies  is  absorbed  by  the  pollutant  molecules, 
the  other  is  not.  The  magnitude  of  the  selectively  absorbed  laser  power  is  then  used  to  determine  the 
average  concentration  of  the  pollutant.  We  will  not  discuss  interference  caused  by  line  absorption  in  any 
other  molecule . 

The  layout  is  shown  in  Figure  1 . The  signal  processing  incorporates  a chopper  frequency  f and  a 
signal  averaging  time  constant  or  output  filter  bandwidth  B.  The  pathlength  is  1,  average  pressure  Pq  and 
temperature  Tq.  The  atmospheric  path  is  further  characterized  by  humidity,  aerosol  density  and  size  distri- 
bution, and  by  its  turbulent  state,  i.e.  the  spatial  size  distribution  of  temperature  eddies  and  the  wind 
speed. 
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We  will  assume  that  Beer's-law  is  valid,  that  is,  the  laser  is  always  regarded  as  monochromatic  and  j 

the  partial  pressure  of  the  pollutant  is  low  enough  to  neglect  any  effect  of  self-broadening.  Since  the 
pollutant  concentration  is  computed  from  comparative  transmission  meaBurements , the  primary  error  contri-  ; 

tutors  are , as  stated  before , not  the  amplitude  of  the  extinctions  and  fluctuations  but  the  differences  ^ 

oetween  contributions  at  u^  and  \q,.  We  will  therefore  always  look  for  the  dispersive  properties  of  the  ; i 

atmospheric  effects,  and  correspondingly,  the  lack  of  correlation  between  fluctuations. 

The  sensitivity  (in  such  a system)  is  limited  primarily  by  interference  caused  by  dispersion  in  the 
water  vapour  continuum  absorption  and  the  aerosol  scatter  losses.  j 


! .1 

Secondarily,  false  signals  may  be  induced  by  non-compensated  intensity  variations  caused  by  turbu-  i j 

lence  and  fluctuations  in  total  amount  of  water  over  the  path.  It  may  be  argued  that  these  can  be  compen-  | c 

sated  by  fast  cross-correlation  of  the  two  signals,  effectively  "freezing"  the  atmosphere  during  a single  i | 

measurement.  This  is  true  provided  the  "frozen"  atmosphere  is  non-dispersive  or,  in  other  words,  if  the  : 1 

amplitudes  of  the  intensity  variations  are  completely  correlated  at  all  frequencies.  1 J 

! 

The  final  main  contributor  is  detector  noise,  in  particular  at  low  levels  of  received  power.  In  | ] 

addition,  mechanical  stability  should  be  considered  when  choosing  laser  beam  parameters.  The  effects  of  ; ; 

turbulence  and  detector  noise  can  always  be  reduced  by  averaging  or  decreasing  the  bandwidth  of  the  output  | 

filter,  but,  thereby  reducing  the  instrument's  ability  to  follow  rapid  signal  changes.  | ' 

- - - 
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The  accuracy  of  a measurenient  is  also  directly  related  to  how  precise  the  specific  absorption 
coefficient  of  the  pollutant  is  known,  and,  because  of  its  dependence  upon  temperature  and  pressure,  a 
correct  estimate  of  these  parameters  is  necessary. 


THE  SIGHAL  EQUATIOM 

The  time  dependent  transmission  of  a low  power  laser  beam  at  optical  frequencies  and  are , 
“(k  c + 0 )t 

iiP*  * ^ 


k “ path  average  molecular  absorption  coefficient  at  v (atm  ^cm 

A A 

c - volume  concentration  or  partial  pressure  of  the  gas  to  be  detected  (atm) 

0 - extinction  coefficient  due  to  water  vapoiir  continuum  absorption  and  aerosol  scatter 

The  transmission  measurements  are  either  done  simultaneously  or  the  source  is  chopped  and  switched 
from  one  frequency  to  the  other.  In  each  case  the  measured  transmission  is  averaged  over  a certain  time 
aperture  covering  some  fraction  of  the  chopper  period. 

The  average  concentration  c is  obtained  by  log-conversion  of  the  ratio  of  the  two  transmissions 

= “ kT  ^b  - - r <2) 

a a 


In  our  system  the  concentration  therefore  appears  as  an  a-c  signal  which  may  be  further  processed 
by  a phase-locked  amplifier. 


3.  THE  MOLECULAR  ABSORPTION  COEFFICIENT 

The  primary  source  of  inaccuracy  in  concentration  is  errors  in  the  estimated  k^-value. 

Even  though  significant  deviations  have  been  predicted  and  measured,  the  absorption  lines  are,  at 
pressures  close  to  1 atmosphere,  almost  exclusively  assumed  to  be  Lorentzian  in  shape. 
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is  the  center  frequency 
S is  the  total  line  strength,  and 

Y is  the  linewidth 


The  relations  for  S and  y,  valid  for  certain  classes  of  simple  molecules  are: 


n,  3/2  „ T„  1/2 

S = • (^)  , ^ ~ 

o o 

and  Yq  are  measured  at  temperature  T^  and  pressure  P^. 
k^  msy  vary  along  the  path  due  to  local  pressure  and  temperature  changes 
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But , since  local  AT/T_  typically  are  less  than  10  ^ over  short  horizontal  paths  and  since  the  effect 
of  local  temperature  fluctuations  around  some  average  value  is  to  create  second  order  fluctuations  in  the 
average  k_-value,  no  significant  error  is  introduced  by  replacing  with  its  linear  average.  Moreover, 
such  local  and  rapid  variations  are  adiabatic  and  corresponding  pressure  changes  will  partly  offset  the 


effect  on  k^. 


from  mean  valuea . 


A system  continuously  monitoring  pollution  levels,  looking  for  instance  for  small  daily  variations, 
should  therefore  have  means  for  accurate  temperature  and  pressure  tracking. 

In  addition,  the  position  of  the  laser  line  relative  to  the  peak  of  the  absorption  line  (x)  should 
be  known  to  a precision  ccanpsu'able  to  the  accuracy  of  the  measurement  of  mean  temperature  and  pressure. 


U.  THE  WATER  VAPOUR  COIITINIJUM 

Uncompensated  extinction  expressed  by  io/k^  (2)  adds  directly  to  the  concentration.  We  weuit  to 
establish  quantitative  estimates  of  the  various  contributions,  and  we  will  at  this  point  limit  the  dis- 
cussion to  the  frequency  range  available  with  a COg  laser.  We  should  keep  in  mind  that  the  fundamental 
limitations  is  not  the  extinction  dispersion  itself  but  the  lack  of  knowledge  about  or  ability  to  predict 
the  dispersion  because  of  the  inherent  stochastic  nature  of  its  origin. 

The  water  vapour  continuum  absorption  in  the  10  p range  is  at  present  not  completely  understood, 
but  some  useful  experimental  data  is  available.  Attempts  to  fit  the  measxired  values  in  terms  of  water 
vapour  - and  dry  air  pressure  have  not  been  wholly  successful.  There  seems  to  be  a general  agreement 
though  that  the  explanation  is  one  or  more  of  the  following: 

1)  extreme  wings  of  strong  absorption  lines 

2)  pressure  induced  absorption  resulting  from  transitions  that  are  forbidden  in  the  unpertxirbed  molecule 

3)  possible  existence  of  water  dimers 

If  the  continuum  results  from  a combination  of  completely  different  and  independent  mechanisms  we 
are  left  with  a relation  that  contains  more  than  one  coefficient. 

The  relation  found  to  fit  experimental  data  has  the  form  (McCOY,  1969) 


% = C • p (p  + g::j)  (7) 

where  C contains  the  rate  of  change  of  water  vapour  absorption  cross  section  with  partial  water  vapour 
pressure  p.  P is  the  total  atmospheric  pressure.  B can  be  interpreted  as  the  ratio  of  the  rate  of  change 
of  absorption  cross  section  with  water  vapour  pressure  to  the  rate  of  chai.ge  of  absorption  cross  section 
with  dry  air  pressure.  Experiments  have  revealed  large  uncertainties,  particularly  in  B. 

This  illustrates  the  need  for  a new  model  that  may  be  of  the  form 

0 « Cg  p^  + Cj  p P (8) 

where  and  are  so  far,  nonrelated  (KELLEY,  1975). 

Figure  2 shows  a summary  of  recent  outdoor  measurements  using  the  10.6  p P20  line.  The  solid  line 
is  from  a better  controlled  laboratory  experiment. 

Figure  3 gives  the  results  of  some  measurements  with  laser  lines  selected  for  minimum  line  absorp- 
tion . 

From  these  graphs  we  obtain  an  approximate  relation  for  the  extinction  dispersion  in  horisontai 
paths  at  sea  level 


30  c 

~ = 9.2  • 10"°  p + 2.3  ■ 10”°  p2  (km"^/cm"^)  (9) 

where  p is  water  vapour  pressure  in  torr. 

On  hot,  humid  days  the  water  vapour  pressure  may  be  as  high  as  30  torr. 

To  keep  the  signsd  change  less  than  lit  over  a 1 km  path  the  frequency  difference  v - should  be 
less  than  5 cm"!.  * ^ 

The  effect  of  temperature  on  has  not  been  established. 


AEROSOLS 


Even  a gross  estimate  of  aerosol  losses  requires  extensive  knowledge  about  size  and  probably  also 
shape  distributions.  If  we  include  absorption,  which  seems  necessary  in  the  10  u range,  we  have  to  con- 
sider composition  of  the  particulate  matter  as  well.  Scatter  and  absorption  cross  sections,  at  least  for 
simply  shaped  particles , can  be  calculated , given  the  complex  index  of  refractions , for  almost  any  pos- 
sible size-distribution;  little  is  ?uiown  though  about  the  effects  of  irregular  shapes.  But,  even  if  we 
have  a complete  theoretical  apparatus  at  hand,  we  are  faced  with  a large  volume  of  real  atmosphere,  where 
par  tide  sizes  and  compositions  may  vary  over  a large  spectnun,  even  locally. 

We  know  that  equally  sized  or  monodisperse  aerosols  scatter,  according  to  Mie's  theory,  as 


I 
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vhere  qt  ■ 0 'the  large  particle  region  and  q,  ■ 1*  for  Biaall  particles  (~  « X). 

Various  atteiq>tB  have  been  made  to  devise  average  or  expected  size  distributions  and  the  results 
are  useful  in  certain  vavelength  ranges. 

Figure  U shovs  some  theoreticsa  results.  Middleton's  visibility  relation  may  be  extrapolated  to 
q ■ 1.3  for  average  seeing  conditions  in  the  long  wavelength  range.  McClatchey'a  curve  is  based  on  a modi- 
fied continental  haze  size  distribution  model  (McCtATCHEY,  19T1).  Included  are  also  different  predictions 
for  mixtures  of  continentsa  and  maritime  aerosols.  These  suggest  that  the  extinction  may  be  described  by 
a relation  and  that  q at  10  u probably  tedie  on  values  in  the  1 to  0.3  range. 

The  scatter  dispersion  will  determine  the  amount  of  interference: 


00 

8 

3X  ■ " ' 

q C 

“ - <1  <’a  • X 

(11) 

When  the  attentuation 
Terence  caused  by  difference 

at  10  V is  20  dB/km  typical  of  average  fog  density  ( - 
in  extinction  at  9.2  and  10.8  u is 

30  mg/m^),  the  intei- 

0.22  km“^ 

for 

q - 0.3 

and 

0.58  km'^ 

for 

q » 1 

If  the  pollutant  gas  has  a specific  absorption  of  say  10  (atm  cm)”^  the  fog  creates  a signal  that 
could  have  been  due  to  a concentration  of  0.2  to  0.6  ppn.  Since  the  span  of  possible  q's  is  wide,  it  seems 
that  not  much  can  be  gained  simplj  by  using  the  average  extinction  to  predict  the  interference  and  apply 
correction  measures . 

Raindrop  size  distributions  peak  at  1 - 3 mm  and  little  dispersion  is  expected  (r  » X)  at  10  u 
even  when  correction  for  small,  angle  forward  scatter  is  included. 

Figure  5 displays  an  overview  of  10.6  y attenuation  due  to  atmospheric  water  vapour  and  aerosols. 


6.  TURBULEMCE 


Water  interference  is  range  independant.  The  effects  of  an  uncertainty  in  the  transmission  measure- 
ments on  the  derived  concentration  will  in  general  have  a path  length  dependence  (2). 

The  prime  sources  of  signal  current  fluctuations  are: 

- detector  noise  and 

- atmospheric  scintillation 

Detector  noise,  which  to  a large  extent  determines  the  choice  of  an  optimum  path  length,  is  not 
directly  related  to  this  discussion  and  will  be  omitted. 

Intensity  fluctuations  caused  by  movement  of  refractive  index  irregularities  in  the  path  can,  as 
argi.ed  before,  be  cancelled  by  real  time  correlation  provided  both  laser  frequencies  experience  the  same 
or  correlated  fluctuations . 

Figure  6 token  from  a recent  paper  by  MAHDICS  et  al  (l97*x),  indicates  the  effect  of  frequency  sepa- 
ration on  the  correlation  or  coherence  of  the  fluctuations. 

« 2ir/X,  and  kg  ■ 2Tc/Xg  are  the  wavenumbers  of  the  lower  and  higher  propagating  frequencies  res- 
pectively. The  coherence  diminishes  very  rapidly  when  the  normalized  frequency  n exceeds  some  critical 
value  , determined  largely  by  the  optical  frequency  separation. 


The  critical  frequency  corresponds  to  a certain  smallest  refractive  index  irreguleirity  in  the  path. 
In  our  case,  with  a CO2  laser,  (ki /ko  win  ■ 0.9)  this  cut-off  size  can  be  of  the  order  of  one  half  of  the 
diameter  of  the  first  Fresnel  zone,  /XI.  Irregularities  smaller  than  this  will  produce  intensity  patterns 
at  the  receiver  that  ore  non-correlated. 

It  is  generally  accepted,  however,  that  the  size  of  the  irregularities  that  most  effectively  pro- 
duce scintillation  on  beam  axis  at  the  receiver  is,  on  the  major  part  of  the  path,  just  equal  to  this 
radius  of  the  Fresnel  sos'e.  Smaller  irregularities  will  contribute  effectively  only  if  they  are  close  to 
the  receiver  or  close  to  the  source.  Those  close  to  the  receiver  are  responsible  for  the  small  scale  in- 
tensity patterns  or  the  corresponding  high  frequency  components  in  the  fluctuation  spectrum.  However,  these 
are  the  components  that  are  most  effectively  damped  by  a finite  receiver  aperture. 

If  we  apply  the  full  frequency  range  of  the  COj  laser,  a major  part  of  the  fluctuations  will  be 
uncorrelated  since  the  critical  size  of  the  irregularity  everywhere  is  larger  or  equal  to  the  size  of  the 
most  effective  one . 
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The  real  implication  of  this  is  that  signal  fluctuations  due  to  turbulence  can  not  be  completely 
compensated  by  real-time  correlation.  But  we  may  take  advantage  of  the  correlation  properties  to  be  able 
to  utilize  a lover  chopper  frequency.  This  may  well  be  appreciated  for  instance  when  thermal  and  pyro- 
electric detectors  are  used. 

The  coherence  is  close  to  unity  (but  never  reaches  unity  for  finite  frequency  difference)  at  all 
frequencies  below  cut-off  while  the  spectnim  of  the  fluctuations  even  without  any  aperture  averaging 
effect  drops  off  by  f~®'3. 

As  a rule , one  should  therefore  choose  a chopper  frequency  that  comes  close  to  but  does  not  exceed 
the  correlation  cut-off  frequency.  This  may  present  a problem.  Since  the  cut-off  frequency  f^  scales  with 
the  transverse  wind  speed,  (fig  = Vj^/fc)  measurements  up-wind  in  calm  weather  favour  low  chopper  frequency 
or  actually  long  independwt  averaging  time  before  computation  of  concentration.  If  (k]^/k2)  * 0.9,  f^  is 
approximately  20  Hz  at  > 1 m.^s.  The  need  for  an  adjustable  chopper  speed  is  of  course  reduced  if  beam 
parameters  and  receiver  aperture  size  can  be  chosen  such  that  the  remaining  uncorrelated  part  of  the  fluc- 
tuation spectrum  is  depressed. 

An  alternative  approach  is  to  neglect  any  possible  correlation  and  apply  a high  chopper  frequency 
since  the  temporal  power  spectrum  of  the  intensity  fluctuations  diminishes  rapidly  above  a certain  fre- 
quency determined  by  the  time  required  for  the  most  effective  scatterer  to  cross  the  beam  axis . 

The  expected  added  reduction  of  the  high  frequency  components  by  aperture  averaging,  in  particxilar 
when  the  beam  is  focussed  on  the  receiver,  will,  except  for  small  opticed.  frequency  differences  and  unique 
conditions  of  strong  turbulence  in  clean,  dry  air,  reduce  the  sensitivity  limits  well  below  the  level  set 
by  the  extinction  dispersion. 


7.  CONCLUSION 


The  sensitivity  and  accuracy  of  a long  path  air  pollution  monitoring  system  is  limited  by  a number 
of  factors  relating  to  the  physical  parameters  describing  the  atmospheric  "sample"-path.  Most  significant 
in  a system  utilizing  a relatively  wide  optical  frequency  range  seems  to  be  lack  of  knowledge  about  the 
different  contributions  to  the  dispersive  properties  of  the  extinction  caused  by  water  vapour  absorption 
and  aerosol  scattering. 

A system  exclusively  detecting  a simple  molecular  specie,  thus  using  a narrow  (-  1 cm”^)  frequency 
band,  is  rather  limited  by  detector  noise  or  scintillation  induced  by  txirbulence.  A well  designs  optical 
system  and  optimum  choice  of  path  length  and  detector  type  (cooled  or  tmcooled  detector),  depends  chiefly 
on  the  specific  requirements  to  the  instrument. 
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Fig4  3 Water  vaT)Our  continuum  absorption  coefficient  vs.  optical  frequency  in  the  10  u region 
{ LONG/KELLEY,  197'?). 


Fig.  U Aerosol  extinction-model  comparison  (WOODMAM,  197**)  for  good  visibility  conditions. 
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THE  FLUID  MECHANICS  AND  COMPUTER  MODELING  OF  ATMOSPHERIC  TURBULENCE 
CAUSING  OPTICAL  PROPAGATION  FLUCTUATIONS 

William  C.  Meechaa* 

Ual varsity  of  California,  Loa  Angeles,  California,  USA 
SUMMARY 

Flret,  optical  refractive  Index  fluctuations,  caused  primarily  by  temperature  fluctuations,  are 
examined  fmu  the  viewpoint  of  what  Is  known  by  fluid  dynamlclsts  about  atmospheric  turbulence  effects. 

We  write  .ne  various  field  quantities  (temperature,  velocity  and  pressure)  In  terms  of  their  averages  and 
their  fluctuations  from  those  averages.  The  variations  of  the  Index  of  refraction  with  the  fluid  vari- 
ables is  disoisted.  The  cross  correlations  of  fluid  velocity,  of  temperature,  and  of  velocity  with  tem- 
perature are  presented.  He  review  step-by-step  the  consequences  of  statistical  statlonarlty , statistical 
homogeneity,  and  statistical  Isotropy.  A new,  modified  discussion  of  the  Kolmogoroff  cascade  theory  of 
turbulence  Is  presented  and  Its  consequences  analysed  for  their  bearing  upon  correlation  functions  and 
energy  spectra.  Using  this  fluid  mechanical  information  we  then  consider  the  modeling  of  propagation- 
fluctuation  problems  using  computer-generated  realizations  of  Index  variations,  with  given  statistical 
properties.  As  an  example  we  consider  geometrical-optics  propagation.  We  Iqtow  that  the  log  of  the  frac- 
tional change  In  fit  Id  amplitude  la  proportional  to  J^CL-X)  t(3^/3y^  + 3^/3z‘‘)nj^(x)  ]dx  with  L the  total 

path  length,  y and  z normal  to  the  direction  of  propagation  and  nj  the  Index  fluctuation.  A typical  com- 
puter modeling  problem  consists  of  being  given  that  the  square  bracket,  [ ] , In  the  amplitude  expression 
above  has  log  normal  statistics,  l.e.  that  [ ] ■*  X ln(u/ri)  where  u(x)  Is  Joint  normal  (Xbn  are  parameters) 
and  being  given  that  the  spectrum  of  u Is  that  determined  by  the  Kolmogoroff  5/3  law  for  the  fluid  veloc- 
ity spectrum.  We  can  calculate  amplitude  fluctuations  by  substituting  realizations  for  the  random  pro- 
cess u(x)  with  the  stated  statistics.  This  is  done  using  the  (first  term  of  Che)  Wlener-Hermlte  expansion: 

00 

u(x)  - y*  K(x-Xj^)H(Xj)dXj^ 

%rlth  K a non-random  function  (the  square  of  the  Fourier  transform  of  K is  Che  energy  spectrum  of  u(x)):  H 
Is  Che  random  white  noise  process.  Realizations  of  H are  generated  by  breaking  the  x^-axls  Into  a set  of 
cells  of  width  A.  The  U la  generated  by  choosing  values  Independently  In  each  cell.  A,  from  a Gaussian 
distribution  of  variance  A~X.  The  above  equation  la  constructed  In  such  a way  Chat  u is  statistically 
homogeneous  (not  a necessary  restriction) . The  selection  of  computer-generated  values  from  a Gaussian 
distribution  Is  easily  accoiq)ll8hed  by  the  use  of  a familiar  transfurmatlon  and  algorithm,  which  will  be 
presented.  Using  these  methods  and  substituting  statistical  realizations  of  [ ] Into  the  integral  for 
amplitude  fluctuations,  one  can  generate  a set  of  realizations  of  the  fluctuating  amplitude,  from  which 
one  may  obtain  desired  statistical  properties,  c.g,  the  standard  deviation  of  the  amplitude,  etc.  Physical 
optics  problems  require  random  Integrands  as  a function  of  vector  (position)  arguments;  the  Wlener-Hermlte 
generalizations  will  be  presented.  If  the  effect  of  non-Gausslan  characteristics  of  o are  desired  the 
appropriate  generalization  of  the  representation  is  easily  obtained. 

1.  INTRODUCTION 

He  are  Interested  In  the  effect  of  atmospheric  turbulence  on  optical  propagation.  Turbulent  phenoia- 
ena  comprise  one  of  the  great  unsolved  areas  of  science  and  engineering.  He  begin  with  a general  review 
of  the  fluid  mechanics  of  turbulence.  The  equations  governing  fluid  motions  are  well  known.  One  might 
wonder,  in  such  a circumstance,  why  turbulent  phenomena  are  not  by  now  completely  understood.  The  reason 
that  this  la  so,  as  will  be  seen  In  succeeding  sections,  is  that  the  governing  equations  are  strongly  non- 
linear. As  a consequence,  the  gre>it  body  of  mathematics  developed  chiefly  for  linear  differential  equa- 
tions Is  not  useful.  Fluid  dynamlclsts  have  dealt  with  these  difficulties  'hlefly  by  specializing  flows 
to  Idealized  situations  Involving  boundary  layers,  wakes,  etc.,  and  by  app  j.:lmatlng  turbulent  behavior 
with  not  always  satisfactory  empirical  laws  and  rules.  If  one  attempts  to  solve  the  equations  of  motion 
for  turbulent  fluids,  one  finds  extremely  complicated  solutions  (functions  of  position  and  of  time)  cor- 
responding to  the  observed  complexities  of  turbulent  flow.  Indeed  the  solutions,  either  as  calculated 
when  this  Is  possible  (rarely) , or  the  experimentally  observed  field  variables  are  so  complicated  that  It 
Is  not  likely  that  detailed  Information  concerning  them  would  be  useful  even  If  It  were  available.  The 
approach  to  these  difficulties  has  been  largely  one  of  taking  statistical  averages  of  the  physical  quan- 
tities of  Interest.  These  averaged  quantities  have  a much  simpler  dependence  upon  the  position  coordinates 
and  upon  the  time  than  do  the  Individual  fluctuating  mesd>ers  from  which  the  averages  are  constructed.  This 
is  the  procedure  followed  in  this  paper. 

To  begin  we  sketch  the  derivation  of  the  equations  governing  fluid  motion  and  discuss  those  equations. 
After  soma  sliqpllflcatlons  suited  to  the  atmospheric  turbulence  problems  at  hand  we  write  various  field 
quantities  In  terms  of  their  averages  and  their  fluctuations  from  those  averages.  Some  background  Informa- 
tion on  fluid  mechanical  properties  is  presented.  In  particular  the  variations  of  the  Index  of  refraction 
with  the  field  variables  Is  discussed  (the  Index  Is  of  particular  Importance  for  optical  propagation  In  the 
atmosphere).  Then  the  cross  correlations  of  fluid  velocity,  of  temperature,  and  of  velocity  with  temper- 
ature are  presented.  The  time  average  for  obtaining  these  correlations  Is  defined.  He  then  discuss  step- 
by-step  the  consequences  of  statistical  statlonarlty,  statistical  homogeneity,  and  statistical  Isotropy. 

The  structure  functions  Involving  velocity  and  temperature  fluctuations  are  defined.  A new,  modified  dis- 
cussion of  the  cascade  theory  of  turbulence  is  presented  and  its  consequences  analyzed  for  their  bearing 
upon  correlation  functions.  Experimental  data  supporting  the  so  called  five-thirds  law  for  the  velocity 
energy  spectrum  are  presented. 

Following  the  presentation  of  this  fluid  mechanical  Information,  the  processes  of  generating  density 
fields  with  stated  statistical  properties  Is  described.  It  la  shown  how  one  can  use  Wlener-Hermlte  expan- 
sions to  produce  realizations,  which  can  In  turn  be  used  for  computer  experiments. 


CThe  author  Is  also  s consultant  to  the  Oregon  Graduate  Center,  Beaverton,  USA,  and  to  Aerospace  Corpor- 
ation, El  Segundo,  California,  USA. 
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2.  GOVERNIMG  EQUATIONS  OF  FLUID  MECHAMICS 

The  equations  of  fluid  mechanics  which  are  relevant  to  our  atmospheric  problems  are  those  Involving 
the  motion  of  viscous,  compressible,  Newtonian  fluid  (this  last  referring  to  a fluid  In  which  the  viscous 
stress  Is  proportional  to  the  rate  of  shear  strain)  in  a uniform  gravitational  field  and  non-rotating 
system  (Coriolis  force  effects  can  be  treated  separately).  They  are  given  In  standard  references  (e.g. 
Landau  and  Llfshltz,  1959).  It  should  be  remarked  at  the  outset  that  the  equations,  though  Initially 
quite  complicated,  can  usually  be  considerably  simplified  for  atmospheric  turbulence  problems.  A brief 
discussion  of  the  derivation  of  the  equations  will  be  helpful.  In  deriving  the  equations  a useful  concept 
Is  that  of  the  substantial  derivative.  Consider  a small  element  of  mass  within  the  fluid  at  some  position 
at  a given  Initial  time.  The  time  rate  of  change  of  some  property  of  that  element  of  mass,  following  It 

as  It  flows,  can  be  6b*'iined  by  differentiation.  Suppose  that  the  property  Is  given  the  name  F.  The  rate 
of  change  of  that  property  following  the  flow  (the  substantial  derivative  or  convected  derivative)  Is 
found  to  be^ 


Dt  ■ 3t  ^ 


uJf.i 


(1) 


Here  n (with  components  uj^'*)  Is  the  local  value  of  the  fluid  velocity.  We  adopt  the  notation  which  will 
be  convenient  here:  F,j^  " 3F/3x^,  where  are  the  Cartesian  coordinates  of  position  with  X3  vertical; 

the  coordinates  will  sometimes  be  designated  x,y,z.  Further,  we  adopt  the  summation  convention;  that  Is, 
we  should  sum  from  1 to  3 over  subscripts  which  are  repeated  within  a single  term, ^ 


We  can  make  use  of  the  substantial  or  convective  derivative  given  In  (1)  to  obtain  the  governing 
equations.  First  of  all,  consider  the  equation  of  continuity.  The  quantity  of  mass  of  a given  element  of 
f].uld  must  be  conserved  as  the  element  flows:  Its  substantial  derivative  must  vanish.  Let  F • p*6V,  where 
6V  is  a small  volume  of  fluid  at  a given  Instant  and  p*  Is  its  density.  Then,  since  the  mass  must  be  con- 
served, we  know 

(p*6V)  - 0.  (2) 

By  simple  manipulation,  one  can  show  that,^ 

|^+  (p»u^*),j^  - 0.  (3) 


Consider  Newton's  Law,  j[-  (d/dt)m\(j  (D  the  time  rate  of  change  of  a quantity  fol- 

lowing the  flow,  where  now  for  F we  use  the  1^  component  of  the  momentum  given  by  p*6Vui",  we  have  the 
relation 


w 


where  Gj,  represents  the  force  per  unit  volume  exerted  upon  the  element  of  fluid**.  For  our  ,.arposes  there 
are  three  forces  acting  within  the  fluid;  the  force  due  to  pressure  changes  within  the  fluid,  the  force 
due  to  viscous  stress  within  the  fluid,  and  the  force  of  gravity. 

The  mathematical  derivation  of  expressions  for  the  three  forces  can  be  found  In,  for  example, 

Landau  and  Llfshltz  (1959) . The  pressure  force  per  unit  volume  is  the  negative  of  the  pressure  gra- 
dient (there  is  no  such  pressure  force  in  a constant  pressure  field).  The  viscous  force  per  volume,  allow- 
ing for  variable  viscosity  at  this  stage,  is  the  divergence  of  the  viscous  stress.  The  Newtonian  viscous 
stress,  details  aside,  is  the  most  general  symmetric  tensor  of  second-rank  which  one  can  form  from  first- 
order  derivatives  of  the  velocity.  The  gravitational  force  per  unit  volume  Is  in  the  negative  Xj-dlrection 
and  of  magnitude  p*g.  We  substitute  the  three  forces  for  the  right-hand  side  of  (4) . In  the  left-hand 
side  make  use  of  the  continuity  equation  given  in  (3).  One  finds  for  the  Navier-Stokes  equations  govern- 
ing fluid  flow® 


Here  g is  the  acceleration  due  to  gravity,  assumed  constant.  The  u Is  the  fluid  viscosity  and  p*  Is  the 
fluid  pressure.  The  is  Kronecker's  Delta;  It  Is  unity  if  the  subscripts  are  equal,  and  otherwise 
zero. 


(-3T  + " - (p*  + i ‘^"j.jj^ik  >^fj,k  + \,i) 


,k 


* r 

-P  86 3j* 


(5) 


Consider  now  the  entropy  of  the  moving  fluid.  The  entropy  changes  In  general  during  the  fluid 
motion.  One  obtains  for  the  equation  governing  time  rate  of  change  of  the  entropy  following  the  fluid  flow 
(landau  and  Llfshltz,  1959) 


p*T*(DS/Dt) 


* r 2 

“l.J  [“  3 


P“m,n^ij 


(kT",^),^ 


(6) 


Here  T*  Is  the  temperature,  S Is  the  entropy  per  mass,  and  k Is  the  thermal  conductivity.  The  entropy 
changes  for  two  reasons.  The  action  of  the  viscous  stresses  generates  heat  which  can  be  shown  to  lead  to 
the  first  term  on  the  rl^t  side.  Further  there  Is  heat  conduction  which  also  changes  the  entropy;  the 
net  conduction  is  the  divergence  of  the  thermal  heat  flux  giving  the  second  term. 


The  equation  of  state  for  the  atmosphere  is  to  an  excellent  approximation  that  for  an  Ideal  gas. 


p*  • Rp*T* 


(7) 


where  R Is  the  gas  constant  per  mass,  wltlch,  for  an  Ideal  gas,  leads  to  the  relation 


R - c 


(8) 


where  Cp  and  c^  are  the  specific  heats  of  air  per  unit  mass  at  constant  pressure  and  constant  volume.  (We 
neglect  effects  of  variable  moisture  content.) 
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Consider  now  the  dependence  of  denelty  chenges  upon  pressure  and  temperature.  There  ere  pressure 
fluctuations  In  Che  ataospherlc  boundary  layer  (caused  by  velocity  fluctuations)  of  order  (10~*)o^  where 
a^  Is  Che  RMS  (gust)  velocity  fluctuation!  ssy  3_iseCec8  per  second.  Tewerature  fluctuations  there  are 
of  order  one  degree  Kelvin.  Hence;  In  cgSt  (Op/p)~<2  10”^)x(3  x 10^)*(10®)  ~ ^ x i0“^;  x 10“^! 

where  the  overbars  Indicate  time  averages,  discussed  below.  Consequently  from  (7)  for  the  small  relative 
fluctuations  which  we  have,  we  can  neglect  the  effect  of  pressure  fluctuations  on  the  density  fluctuations. 

The  difficult  nonlinear  character  of  the  equations  makes  simplification  essential.  This  Is  usually 
accomplished  by  asking  for  less  Information.  Instead  of  searching  for  the  coiqpllcaced  functions  repre- 
senting the  pressure  etc. , we  ask  rather  for  their  (much  simpler)  averages.  We  ace  lead  to  define  the  fol- 
lowing variables: 


p - p + p 

e 

T - T + T 

* 

P - P + P 


(9) 


and 


* - 

u “ u + ii 


(10) 


These  qusntltles  can  be  substituted  in  the  fluid  equations  and  needed  averages  found. 

3.  BACKGROUND  IHFOBM/tTlON  OM  FLIJID  MEfflAllICAL  AMD  BELATED  PROPERTIES 
3.1  Discussion  of  Index  of  Refraction 

When  we  are  particularly  Interested  In  optical  frequency  propagation,  the  iiu^.ln  effect  of  the  atmos- 
phere comes  from  changes  In  the  refractive  Index.  The  refractive  Index  depends  primarily  u^  >n  the  dunalty 
of  the  atmosphere.  We  find  In  standard  references  (Allen,  1964)  that 


An  = n - 1 - 82.6  x 10"^p*/T* 


(U) 


with  n the  refractive  Index,  p'^  Che  pressure  In  mllll-bars  and  T*  Che  ten^erature  In  degrees  Kelvin.  We 
represent  RMS  fluctuations  of  quantities  by  a with  a subscript  Indicating  the  variable  involved  and  find 


[a^/(n  - 1)]" 


COp/p)^  + (Oj/T)^ 


(12) 


valid  for  small  relative  fluctuations  and  neglecting  any  (slight)  statistical  dependence  of  the  pressure 
on  temperature  fluctuations.  In  the  above  discussion  we  found  we  could  neglect  Che  effect  of  pressure 
fluctuations  so. 


(j  a + fez. 6 X 10“^  5 1 

“ L f J f 


(13) 
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Simplifying  Statistical  Assumptions 
We  suppose,  as  discussed  earlier,  that  Che  wind  velocity  Is  given  by 

jL+  11 

where  u Is  the  average  wind  speed  and  u.  Is  the  Instantaneous  departure  from  that  average. 


(14) 


He  consider  the  cross  correlation  of  quantities  measured  at  two  different  positions.-  It  Is  con- 
venient In  what  follows  to  define  the  three  Cartesian  compon.^nts,  Uj^,  of  the  velocity  fluctuation  vector  u. 
Consider  the  cross  correlation  of  the  velocity  fluctuations  measured  at  two  points,  x'  snd  x".  This  cor- 
relation Is  defined  by  the  time  average,  represented  by  < > (we  use  this  and  overbsr  Interchangeably). 


Qlj(r-.r'-,t)  S <^u^(x’.t')u^(x",f  + t)'^  Urn  i ^ u^ 


(X.’,t*)u^(x".t'  + t)dt' 


(15) 


Our  assumption  that  the  process  Is  statistically  stationary  means  that  the  correlation  la  approximately 
Independent  of  which  segment,  T,  of  velocity  fluctuation  we  use  in  the  determination  of  Che  average  (cor- 
relation function) . Other  cross  correlations  are  Important  to  us ; the  cross  correlation  of  temperature 
fluctuations  is: 


S(x',r",t) 


T(x' ,t')T(x",t'  -h  t) 


) 


(16) 


with  the  average  defined  as  the  time  average  In  a way  analogous  to  that  In  (15) . The  ofCen-liiiporCant 
transport  of  the  tesqierature  fluctuations  within  the  turbulent  atmosphere  Is  controlled  by  the  cross  cor- 
relation of  the  velocity  with  Che  temperature,  defined  by 


Tl(£'.r”,t) 


T(x'.t')u^(x".t' 


(17) 


The  time  average  Is  analogous  to  that  of  (IS) . When  the  two  points  of  iseasuremsnt , r ' and  are  separated 
by  a distance  considerably  graater  than  sow  length  (outer  scale)  1-0.  the  fluctuations  become  statistically 
Independent  of  one  another  and  It  follows  that  the  correlations  given  In  (15)-(17)  go  to  saro  (this  la  ao 
because  by  the  definition  (14)  the  average  of  the  fluctuations  thamaelvee  must  vanish).  Similarly,  tf  the 


~;-TrTjTCT 


tine  delay  I t,  between  the  measurements,  even  though  the  two  points  are  closer  than  Lq,  exceeds  a time 
characteristics  of  the  turbulence  then  again  the  fluctuating  quantities  become  statistically  Independent 
of  one  another  and  the  cross  correlations  given  In  (15)-(17)  go  to  zero.  This  time,  Tq,  Is  called  the  cor- 
relation time  for  the  turbulent  process.  It  Is  typically  dependent  upon  the  quantities  already  defined. 

In  most  turbulent  processes  when  measurements  are  made  moving  with  the  mean  flow, 


'■o  ” 0 

u 


(18) 


Often,  atmosphere  turbulence  shows  little  statistical  change  when  wc  move  from  one  position  to 
another.  Such  behavior  Is  called  atatiatioal  homogeneity.  It  Is,  of  course,  not  rigorously  true  In  any 
application.  In  the  atmosphere,  the  situation  Is  complicated  by  the  fact  that  the  large  scale  character- 
istics change  when  we  move  vertically  a distance  Lg,  the  scale  of  the  turbulence.  Nevertheless,  .'or  many 
purposes,  the  assumption  of  statistical  homogeneity  Is  a useful  approximation.  For  such  homogeneous 
turbulence,  the  correlations  (15) -(1?)  reduce  to  functions  of  time  and  space  functions  of  the  displacement 
vector 


r = r - r' 


(19) 


between  the  two  points  at  which  measurements  are  made. 


Often  the  average  quantities  defined  here.  In  partlcula''  the  smallcr-acale  characteristics,  are 
approximately  Independent  of  the  orientation  of  the  displacement  factor  x.  The  idealization  that  the  tur- 
bulenca  has  this  property  Is  called  statistical  Isotropy.  This  Is  a further,  most  useful,  simplifying 
assumption  for  the  discussion  of  atmospheric  turbulence.  In  conjunction  with  the  previously  discussed 
simplifying  assumptions,  statistical  Isotropy  leads  to  the  following  reductions  of  complexity  in  the  cross- 
correlations (15)-(17).  The  reader  Is  referred  to  Batchelor  (1953)  for  a more  extended  discussion  of  the 
symmetry  characteristics  presented  here: 


‘^ij  ■ * 

S - S,(r,t); 


Q2(r,t)6^j 


T^-  Tj^(r,t)r^ 


(20) 


(21) 


(22) 


The  coefficient  functions  Q2»  S^,  and  are  called  "scalar  generators"  and  depend  only  on  the  length 
of  the  displacement  vector  x and  on  the  time  delay  between  the  measurements.  The  simple  rule  for  forcing 
sll  such  statistically  Isotropic  correlations  is  to  make  up  all  relevant  combinations  of  the  vector  com- 
ponents and  of  the  Kroneoker  delta  symbol  as  seen  in  the  examples  here. 

These  assumptions  are  often  found  to  be  valid  for  the  smcller-soaled  structure ; but  for  the  large 
scales,  that  Is,  for  the  large  eddies,  such  sluplllylng  assumptions  cannot  be  justified.  Velocity  and 
temperature  differences  are  approximately  homogeueous  and  Isotropic  If  r Is  small  compared  with  Lq.  Thus, 
consider  "structure  functions"  for  these  fluctuating  quantities.  For  exarple,  define  a structure  function 
for  the  velocity  fluctuation  as  In  (23).  (Structure  functions  are  usually  defined  for  simultaneous 
measurements.  VThen  time  Is  a variable.  It  will  he  Implicit  In  what  follows.)  Thus, 


“Ij 


(i'.r")  = - Uj,(r")][u^(r')  - u^(r")]^ 


(23) 


For  ix"  - r' I = |x|  this  correlation  is  often  assumed  to  be  statistically  homogeneous  aad  Isotropic, 

that  Is,  to  depend  only  on  r;  The  smaller  scale  structure  within  the  tuihulence  is  if  more  universal  form 
than  le  the  large-scale.  For  such  small  scales,  we  can  write  l.i  a foru  similar  to  (20)  (with  t - o 
for  the  slsmltaneous  measurements  under  discussion).  The  structure  f 'notion  notation  follows  Tatarskii 
(1959). 

In  a way  analogous  to  that  for  the  velocity  struc’'ure  function,  one  ran  define  a 3tructure  function 
for  temperature  when  small-scale  effects  are  etatlatl  tally  homogeneous  a.ud  \sotrnplo.; 


Dt(t)  - <^T(r*)  - T(r’  + r)]^^  ss  2S^(0)  - 2Sj^(r) 


(24) 


with  the  function  defined  in  (16)  and  (21)  for  simultaneous  meisureiB?n£s.  When  needed,  o.ie  could 
similarly  define  the  cross  correlation  between  teccperatjre  fluctuations  and  velocity  fluctuations. 

3.3  The  Cascade  Theory  of  Turbulence 

There  Is  a simplifying  hypothesis  concerning  the  niture  of  Che  energy  transfer  within  turbulence 
which  is  useful  In  connection  with  atmospheric  problems.  Some  years  ago  Kolmogorov  (l‘^41)  proposed  the 
following  view  of  the  turbulent  energy  transfer  process  (Fig.  1).  A quantity  of  power  per  mass,  f , Is 
supplied  to  the  turbulence,  usually  being  Injected  In  the  largest  turbulence  scale,  of  order  l.Q(through 
the  non-linearity  of  the  fluid  flow  process).  This  energy  Is  passed,  again  because  of  the  non-linearity 
of  the  equations  of  motion,  down  to  those  eddies  wlilcU  dissipate  the  energy.  (If  the  eq  Cions  were 
linear,  there  would  be  no  energy  .ansfer  between  different  size  addles.)  The  dissipating  eddies  arc  very 
small,  with  size  of  order  Iq,  the  so-called  inner  scale.  These  eddies  dissipate  the  energy  as  heat. 
Kolmogorov  makes  an  assumption  concerning  the  way  In  which  the  non-linearities  of  the  fluid  flow  pass 
e.iergy  from  the  very  large  eddies  to  the  very  small  ones:  One  mipht  reasonably  suppose  that  this  quantity 

of  energy  per  second  per  mass,  € , 1 > passed  f ■ oui  the  largest  to  i le  next  smaller  eddieo;  and  In  turn  fiom 
those  to  yet  smaller  eddies  and  so  on,  down  to  the  smallest  (dissipation)  eddies,  of  size  This 

(assumed)  transfer  is  called  a cascade.  There  Is,  as  yet,  only  iadlrect  experlmentul  evidence  that  this 
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li  the  node  o£  energy  transfer.  Nevertheless,  If  we  suppose  that  this  Is  the  process,  there  Is  a con- 
siderable slnpllflcatlon  In  the  turbulence  descrlp^-lon.  Suppose  that  we  want  to  find  the  energy  spectrum 
E(k)  the  turbulent  energy  per  wave  nuoiber.  The  parameters  In  the  problem  consist  of  (,  hg,  and  a^. 

The  quantities  (,  Iiq,  and  Ou  are  known  to  be  connected  by  the  following  empirical  relation  (Batchelor, 
1953)  3 

a 

« ~ A . (25) 

**0 


If  one  believes  that  the  rate  of  loss  of  energy  from  the  large  eddies  Is  Independent  of  the  small-scale 
viscosity  dependent  effects  then  (25)  follows  by  dimensional  analysis.^  Put  another  way,  we  might  suppose 
that  the  transfer  of  energy  from  larger  to  smaller  eddies  Is  accomplished  by  the  nonlinear  inertial  effects, 
with  viscosity  playing  a role  only  In  the  energy  dissipation  (into  heat)  by  the  smallest  eddies.  Thus  ve 
can  eliminate  one  of  the  parameters  appearing  in  (25)  let  that  one  be  o„.  If  we  examine  the  energy  spec- 
trum In  the  Intermediate  range 

1 « 2TTk"^  « L (26) 

O 0 


we  may  reasonably  suppose  that  the  function  E(k)  Is  independent  of  (the  Inner  scale)  and  Lq  (the  outer 
scale).  Of  course.  In  order  that  (26)  be  possible,  it  Is  necessary  that  be  extremely  large  compared 
with  1q.  Allowing  an  order  of  magnitude  for  the  range  of  variation  of  27rk~l  we  see  from  (26)  that  we  need 


with 


> 10^ 


cr  L 
^ o 

V 


He*  = -a-,-2- 


(27) 


using  the  size  of  ^o  given  In  (29)  below.  Such  large  Reynolds's  numbers  are  indeed  attained  in  lower- 
atmospheric  turbulence.  Using  dimensional  analysis.  It  Immediately  follows  from  the  above  reasoning  that 
the  energy  spectrum  la  given  by 


E(k) 


2s 


«^«P- 


(28) 


where  here  and  below  the  a^  are  dimensionless  constants  of  order  unity. 


Before  discussing  this  energy  spectrum  function,  consider  the  inner  scale,  Ig.  Kolmogorov  suggested 
(as  seems  plausible  from  the  nature  of  the  physical  process)  that  Che  inner  scale  Is  Independent  of  the 
outer  scale,  Lq,  and  thus  depends  only  upon  ( and  upon  the  kinematic  viscosity,  v.  In  such  a case  one 
obtains  from  the  use  of  dimensional  analysis  the  following  result  for  the  Inner  scale: 

- a2(v^/<)^^''.  (29) 


In  the  atmosphere,  1q  Is  typically  of  order  of  millimeters  (Monson  et  al. , 1969). 
velocity  change  associated  with  the  dissipation  Is  found  by  dimensional  analysis, 

.1/4 


— 1/2 

(Au^)  ■ 


(vO^ 


Similarly  the  average 


(30) 


The  results  of  some  important  measurenents  of  E(k)  by  Grant  et  al.  (1962) , are  shown  In  Fig.  2.  These 
experiments  were  performed  in  British  Columbia  in  a tidal  channel  near  Vancouver.  The  results  are  plotted 
log-log,  to  bring  out  Che  proposed  algebraic  dependence  of  the  energy  spectrum  function  upon  the  wave 
number  see  (28).  It  is  seen  that  the  spectrum  In  these  experiments  had  the  suggested  form  over  eight 
octaves  of  k.  The  quantity,  C , was  obtained  by  Integration.  The  energy  spectrum,  E(k) , was  measured 
directly,  In  effect  using  Its  definition.  It  la  noted  that  these  experiments  show  that  the  Inner  scale, 
the  scale  at  which  dissipation  occurs.  Is  of  order  Ig,  as  defined  In  (29).  It  Is  approximately  at  ig  that 
the  spectrum  shows  an  abrupt  reducti'<n,  not  at  the  Taylor  dissipation  length  The  reason  that  this  Is 
so  can  be  seen  In  the  following  way  (we  adopt  the  view  that  the  cascade  description  of  the  turbulent  pro- 
cess Is  valid).  The  dissipation  may  be  supposed  to  consist  of  velocity  jumps  Au^  ^ (30)  with  a volume 
average  of  order  (vf)2/4,  where  the  characteristic  distance  In  which  the  Jump  occurs  Is  of  order  (v^/f)^/4 
(29).  These  dissipation  regions  are  assumed  to  occupy  a fraction  a of  the  volume  of  the  turbulence;  of 
course,  a would  be  near  unity  If  the  dissipation  regions  cospletely  fill  the  volume. 

— y 4 

From  the  Kolmogorov  cascade  theory  we  obtain  an  estimate  for  (Au^)  which  Is  the  characteristic  size 
of  the  small-scale  velocity  fluctuations  associated  with  the  viscous  dissipation  process.  The  dissipation 
could  be  spread  somewhat  uniformly  throughout  the  turbulent  flow.  Recent  work  dealing  with  the  1 a er- 
mlttancy  of  turbulent  flow  suggests  that  in  fact  the  dissipation  may  occur  In  slip  regions.  In  suUi_A 
case  the  Indlvldurl  velocity  changes,  when  they  occur,  are  larger  than  the  average  represented  by  (6u‘)*S. 

It  is  ( Interest  to  see  how  the  average  quantity  is  related  to  the  typical  velocity  jump  Involved  in  the 
dissipation  process.  Call  the  typical  velocity  jump  Au;  then  utilizing  the  definition  that  the  dissipation 
occurs  within  a fraction  a of  rhe  total  turbulent  volume,  we  see 

Au  ~ a"^(v€)^^*  . (31) 


If  one  adopts  the  customary  view  that  the  turbulence  Is  quite  Intermittent,  one  may  expect  to  find  small 
values  of  a,  and  consequently,  ~o  find  that  the  typical  velocity  junp,  Au,  Involved  In  the  dissipation 
process  Is  relatlvelv  large,  ''■.i'.  relatively  Infrequently  encountered.  Many  other  experiments,  both  In  the 
ocean  and  In  the  atmosphere,  have  verified  the  Kolmogorov  dependence  of  the  energy  spectrum  fm  ::tlon. 


a 


I 


a 

i 


'i 

i 


&6 


The  behevlor  of  the  energy  spectrun  function  reflects  In  a corresponding  slnpltflcatlon  of  the  cor- 
relation function  for  soall  separations  of  the  aeasurlng  points.  Using  dinanaional  analysis,  one  obtains 
a result 


Q(r,o)  - (32) 

The  velocity  structure  function  defined  earlier  takes  the  ' ,01 

Dr^(t)  - C(£r)^^^,  « r « . (33) 

Sinilarly  the  tenperature-fluctuation  structure  function  within  the  sants  range  of  r Is, 

Dlr(r)  - Cj^(r)^^^,  « r « . (34) 


We  are  often  concerned  with  changes  in  the  Index  of  refraction.  We  define  a structure  function  for 
such  changes. 


D^(r)  - ^ln(x’)  - n(r’  +i))^'^ 


(35) 


where  we  again  suppose  that  small  scale  effects  are  homogeneous  and  Isotropic.  Then  employ  the  definition, 
(16),  the  result  In  (13),  the  Kolmogorov  form  for  the  temperature  structure  function  to  find, 
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i,  « r « 1 . 

o o 


(36) 


4.  OUILmE  OF  PROBLEM  AHD  METHOD  OF  OOMPUTER  M3DELLISG. 


Under  the  assumption  chat  the  radiation  wavelength  Is  sisall  compared  with  the  scale  of  atDOspherlc 
(temperature)  fluctuations,  we  know  Tatarskii  (1959)  that  the  log  of  the  received  amplitude  la  proportional 

CO 


or 


(37) 


for  plane  and  spherical  sources  respectively.  Here  the  path  length  Is  L and  R respectively:  and 

•>  „2 

V„  n “ — =■  + — y plane  wave 

" T^n 1"3^  spherics!  wave  (38) 

Thus  ^n  is  the  Laplaclan  In  Che  direction  normal  to  that  of  propagation.  The  n Is  the  index  of  refrac- 
tion, as  described,  primarily  dependent  on  the  temperature  for  our  work. 

We  are  given  Che  statistics  of  It  is  supposed  here  (Rlllott,  1974)  that  this  quantity  has  a 

Johnson  distribution  (Hahn  and  Shapiro,  1967)  defined  by  the  transformation 

vjn(x)  - 1 Bh  ^ (39) 

where  u Is  (presumed  joint-}  Gaussian  and  X and  r\  are  parameters  determined  from  the  moments  of  the  pro- 
cess n.  A log-normal  distribution  Is  also  of  Interest;  that  process  Is  obtained  by  changing  the  ah 

function  in  (39)  Co  the  logarithm. 

i To  calculate  Individual  fluctuating  amplitudes  [the  expressions  (37) 1 we  calculate  ensemble  members 
^n,  substitute  In  (37)  and  Integrate  numerically.  We  want,  as  described,  ensemble  members  with  a Johnson 
distribution.  These  ace  obtained  by  calculating  Gaussian  ensenible  members  u(x) . Then  use  the  transfor- 
mation (39)  to  find  ensemble  members  V^n.  The  task  remaining  Is  to  show  how  to  find  ensemble  members  u(x) 
for  substitution  in  (39) . 

He  shall  assume  that  the  atmospheric  temperature  fluctuation  Is  statistically  homogeneous. 

GEHERATIOM  OF  GAUSSIAM  ENSEMBLES. 


lor  this  purpose  we  make  use  of  the  Wlener-Hermlte  representation  [see  e.g,  Meecham  and  Siegel 
(1964)]. 

Wiener  proposed  an  expansion  useful  for  Gaussian  and  nearly  Gaussian  processes.  The  expansion  is  for 
the  random  process  (the  time  series)  Itself  and  is  baaed  on  the  Ideal  random  function  — sometimes  called 
the  white  noise  function.  This  process  can  best  be  described  as  follows  (we  need  only  the  one-dlmenslonal 
scalar  form).  Suppose  that  thi  x-axlt  Is  divided  up  Into  cells  of  width  Ax.  In  each  cell  assume  that  the 
process  Is  constant  with  amplitude  chosen  from  a Gaussian  distribution,  with  variance  Ax~^.  The  process  Is 


6-7 

.atlstlcally  Indapendent  In  nalg^borlng  calls.  One  aanbar  of  the  enaeable  for  the  procaaa  is  shown  In 
Fig.  3.  Every  Mober  is  such  a hlatogram.  The  ideal  random  function  la  found  by  letting  Ax  0.  We 
designate  this  process  U(x) , 


For  cosputer  work  we  keep  a finite  Ax.  Each  realisation  of  H(x)  is  found  by  conputlng  such  a histo- 
gram. The  method. of  finding  the  Gaussian  amplitudes  Is  described  In  the  Appendix.  Evidently  any  integral 
over  H will  be  Gaussian  (to  all  orders)  for  It  will  be  a sum  of  Independent  Gaussian  processes.  Then  con- 
sider the  special  Integral  (a  sum  In  our  work) 


u(x) 


f K(x  - Xj)H(Xj^)dXj^ 

mOO 


(40) 


where  K(x)  la  a nonrandom  function.  Evidently  every  meiid>er  of  the  ensemble  of  functions  u(x)  will  be 
continuous  and  will  possess  continuous  derivatives  If  the  kernel  K Is  sufficiently  well  behaved.  The 
use  of  the  difference  argument  In  (40)  leads  to  the  resuli  that  the  process  u Is  statistically  homoge- 
neous. From  the  definitions  we  have  for  the  correlation. 


^(x^)H(x2)^ 


- Ax, 

- 0 , 


X|^  and  x^  in  same  cell 
otherwise. 


Using  this  property  we  find 


Q(r) 


(41) 


(42) 


«>hlch  Is  statistically  homogeneous  as  suggested.  Higher  mosients  yield  analogous  results.  The  method  can 
be  extended  to  non-Gausslan  processes,  but  such  are  not  needed  here. 


We  can  take  the  Fourier  transform  of  (42)  and  find  the  energy  spectrum  (differing  here  by  a constant 
from  some  definitions) 


E(k)  - J Q(r)dr 


(43) 


- |K(k)|^ 


with 


K(k) 


r ikx  , 

I e r.(x)dx  . 


(44) 


To  find  the  kernel  K(x)  to  be  used  In  the  construction  ot  the  ensemble  mesd>ers  u(x)  given  by  (40),  proceed 
as  follows.  Invert  the  relation  (39),  using  terperature  (index  of  refraction)  data; 

u(x)  - n sh~^ 

Calculate  the  energy  spectrum,  E(k) , of  the  process  u(x) , so  obtained.  From  (43)  we  see 

K(k)  - E^''^(k)  (46) 


up  to  a phase  factor,  which  can  be  set  equal  to  zero  without  loss  of  generality.  K(x)  is  then  found  by 
Inverting  (44) . 


We  can  sum  up  the  results  of  this  section  as  follows:  The  log  of  the  amplitude  of  optical  propa- 

gation fluctuations  Is  given,  In  the  high  frequency  approximation,  by  (37).  We  wish  to  conduct  a computer 
experiment,  constructing  resLlzatlons  of  the  fluctuating  amplitude  from  realizations  of  the  random  atmo- 
sphere, where  the  statistics  of  the  Index  of  refraction  (temperature)  fluctuation  are  given  (Johnson  dis- 
tribution). Such  a process  can  be  obtained  from  (39)  where  u(x)  Is  Gaussian.  We  must  now  construct 
Gaussian  realizations  u(x) . This  Is  done  by  means  of  the  Wiener -Hermlte  representation.  First  a reali- 
zation of  the  white  noise  process  H(x)  Is  constructed  according  to  the  rulet  described  In  the  previous 
section.  (For  this  we  need  to  choose,  on  the  computer,  numbers  from  a Gaussian  distribution  with  a pre- 
scribed variance;  the  method  is  outlined  in  the  Appendix.)  Then  the  Integral  In  (40)  Is  carried  out 
numerically,  using  this  realization  of  H(x);  we  obtain  In  this  way  one  realization  of  u(x).  Then  as  just 
described,  the  realization  of  the  derlvates  of  the  index  Is  obtained.  We  need  the  kernel  function  K(x) 
for  the  Gaussian  process  u(x).  It  Is  found  to  be  the  inverse  Fourier  transform  of  the  square  root  of  the 
energy  spectrum  function  of  the  process  u(x) ; ree  (46).  To  construct  other  realizations,  the  entire 
process  Is  repeated.  One  may  determine  the  statistical  characteristics  of  the  fluctuation  amplitude  from 
a large  number  of  such  realizations. 

APPENDIX:  GENERATIHG  A GAUSSIAM  PROCESS 

Suppose  we  generate  random  numbers  y with  a flat  distribution  P(y)  over  (0,1)  , on  the  computer: 

P(y)  “1,  0 S y S 1 


-■  


“ 0,  other  y . 
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Then  x has  a Gauaslrn  dlatrlbutldn  wlch  variance  where 


Thua,  generate  y;  then  invert  (47)  to  find  the  required  x.  [An  efficient  algorithm  for  the  Inveraion  of 
thla  function  Is  given  by  Abraaowltz  (1963). 

To  prove  the  above  assertion  we  auat  show  that 

F(y)dy  - F(x)dx  (48) 

where  P Is  Gaussian  with  the  given  variance. 

Differentiating  (47)  we  find  from  (48) 

2 

so  F(x)  Is  Gaussian  with  variance  a . [It  Is  clear  that  y has  the  right  range,  l.e.  (0,1)]. 

FOOTNOTES 

1.  In  terns  of  derivatives  this  Is  (DF/Dt)  “ 3F/3t  -t-  3F/3xi.  It  Is  worth  comnentlng  here  that  we 

use  the  equations  In  their  Eulerlan  form,  that  Is  where  the  derivatives  are  taken  In  a fixed  frame 
of  reference.  The  Lagranglan  form  has  derivatives  taken  In  a frame  moving  locally  with  the  fluid 
(again  "following  the  flow",  l.e.,  for  the  time  derivative  just  D/Dt) . 

2.  An  alternative  discussion  Is:  With  F F(x,y,a,t)  then  AF  equals  the  change  In  F due  to  change  In 

time  at  a fixed  point  In  the  fluid  plus  the  change  In  F which  would  occur  for  F not  a function  of 
time,  but  varying  with  position.  This  equals  AF  - At(3F/3t)  + Ax(3F/3x)  Ay(3F/3y)  + Az(3F/3*) , 

which  Inqilles  (1) . 

3.  In  terms  of  derivatives  this  equation  la  3p*/3t  + 3(p*uj^*)/3x^  - 0, 

4.  The  forces  on  a given  flitld  element  give  the  time  rate  of  change  of  the  momentum  of  that  fluid 

element:  we  need  the  subetmtial  derivative  of  the  momentum  for  a proper  statement  of  Newton's  law. 

5.  In  the  notation  of  vector  analysis,  this  is  + Si*  • ^“* ) " “Vp*  “ y ^ (U^  • Si*)  y 

+ ~ P 8k  with  k the  unit  vector  In  the  Xj-direction. 

6.  Dimensional  analysis  Is  of  particular  Importance  in  fluid  mechanics.  Such  analysis  Is  performed  as 

follows:  Suppose  we  have  I'arameters  and  variables,  of  Importance  in  a particular  problem,  called 

xi,X2, . . . ,X|j.  Form  all  possible  Independent  dimensionless  quantities  from  them,  called  XiiXv**  * * >'<«* 
Then  any  physical  law  for  the  problem  can  be  written  In  the  form  H (Xi,X2»* • • tXm^  “ ® where  Tl  Is 
some  function.  For  example,  consider  the  period  of  a simple  pendulum.  We  may  reasonably  suppose 
that  the  Important  parameters  are  L,  the  length  of  the  pendulum;  M,  Its  mass  and  g.  We  have  only 
one  possible  dimensionless  variable  gx^/L.  Then  solving  n(gX^/L)  « 0 for  x we  have  x ■ a A/g 
where  a Is  dimensionless.  Constants  like  a are  usually  of  order  unity  (between  0.1  and  10)  for 
reasons  known  only  to  God.  For  this  problem  a <•  2ir  of  course. 
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Fig.l  Sketch  of  the  hierarchy  of  eddies  for  energy  cascade. 


LOGk 


Fig.2  A logrithmic  plot  of  the  spectrunr.  for 
one  run.  The  straight  line  has  a slope  of 
—5/3;  k is  in  cm"'  (Grant  et  al.,  1962). 


Fig.3  A Realisation  of  the  White  Noise 
Process. 


QUESTIONS  AND  COMMENTS 
ON  SESSION  I 


OPTICAL.  MODELING  OF  THE  ATMOSPHERE 

Dr.  Edel;  Could  you  please  Indicate  shortly  the  difference  between  codes  LOWTRAN  2 and  LOWTRAN  3? 

Dr,  McClatchey:  LOV/TRAN  3 has  modifications  in  2.7  micrometer  water  vapor  absorption  coefficients. 
Secondly,  the  aei-osol  model  has  been  modified  to  reflect  the  new  aerosol  model  referred  to  by 
Dr.  Fenn  as  the  "Continental"  model.  This  model  contains  more  recent  complex  index  of  refrac- 
tion results  due  to  the  work  of  Dr.  Volzand  thus  contains  a greater  amount  of  spectral  detail. 

In  addition  the  computer  code  has  been  modified  to  permit  more  flexibility  for  introducing  meteoro- 
logical measurements. 

ATMOSPHERIC  AEROSOLS:  MODELS  OF  THEIR  OPTICAL  PROPERTIES 

Dr.  G.  N.  Plass;  There  is  data  that  indicates  that  a spherical  layer  of  water  builds  up  around  an  aero- 
sol particle  as  the  humidity  increases.  Has  this  been  taken  into  account  in  the  models? 

Dr.  R.  W.  Fenn:  The  present  maritime  aerosol  model  presents  a humidity  condition  of  approximately 
80%  and  moderate  windspeed  for  seaspray  generation.  We  are  planning  to  develop  some  functional 
relationships  for  these  dependencies  to  be  incorporated  into  the  LOWTRAN  transmission  program. 


Dr,  D.  H.  Hohn:  Around  lOum  relative  minimum  and  maximum  of  the  extinction  coefficients  were  dem- 
onstrated. What  is  the  physical  reason  for  them? 

Dr.  R.  W.  Fenn:  These  features  in  the  extinction  coefficient  are  caused  by  variations  in  the  complex 
refractive  index,  in  particular  the  imaginary  part,  or  absorption  coeffic’ent  of  aerosol  material. 


A COMPARATIVE  STUDY  OF  ATMOSPHERIC  TRANSMISSION  AT  THREE  LASER  WAVELENGTHS  IN 
RELATION  TO  THE  METEOROLOGICAL,  PARAMETERS 

Dr.  R.  W.  Fenn:  Some  of  the  discrepancies  between  the  experimental  data  and  theoretical  models  may 
be  due  to  the  modified  Gamma  distribution  which  underestimates  the  large  particles,  /it  longer 
wavelengths  (a  a few  microns)  the  larger  particles  are  the  main  contributor  to  the  extinction. 

Dr,  P,  J.  iV right;  What  you  say  may  well  be  true  because  although  the  model  I have  chosen  seems  to  be 
self-consistent  in  that  one  can  fairly  successfully  predict  the  attenuation  at  one  wavelength  from 
observations  made  at  two  other  wavelengths.  The  actual  values  of  the  parameters  tend  to  be  slight- 
ly different  from  what  one  might  expect  the  true  values  to  be  (as  measured  by  a particle  sizing 
apparatus).  We  do  plan  to  investigate  other  distribution  models  as  part  of  the  future  work  on  this 
contract. 

Note  added  after  the  discussion 

2 

The  apparent  discrepancy  between  the  theoretical  line  of  Oq.  63  versus  the  value  of  Nr  and  the  ex- 
perimental points  can  be  explained  entirely  on  the  fact  that  the  assumption  cf^^t  = 2,  0 used  in  com- 
puting the  theoretical  line  is  not  very  accurate  as  the  particle  sizes  involved  are  not  that  much 
greater  than  the  wavelength  at  0.63am  under  the  conditions  encountered  in  this  experirnent.  Ex- 
amination of  Figure  6 will  reveal  that  the  fit  is  better  at  higher  values  oi  extinction  coefficient 
when  the  particles  are  larger  and  the  assumption  that  " 2.  9 is  more  nearly  valid.  By  making 
a reasonable  assumption  about  the  actual  particle  sizes  involved,  I could  have  drawn  a theoretical 
line  that  filled  the  experimental  points  almost  exactly. 


Dr.  D.  H.  Hohr.:  With  the  2-F; etrorefleclor  transmissoineter  concept  it  is  necessary  to  discern  between 
the  signals  reflected  by  the  retros.  With  an  earlier  Plessey  instrument  this  was  realized  by  using 
active  retros  chopped  with  different  frequencies.  What  method  is  used  with  the  above  mentioned 
instrument,  and  why  active  retros  are  no  longer  used? 

Dr.  P.  J.  Wright:  The  Transmissometer  is  built  as  a total  energy  system  in  that  the  received  signal  is 
totally  reflected  from  either  the  near  reflector  or  the  far  reflector.  The  two  measurements  are 
separated  in  time  and  the  near  reflector  must  be  moved  out  of  the  beam  to  allow  the  radiation  to 
reach  the  far  reflector.  With  this  type  of  arrangement  one  in  principal  obtains  an  absolute  value 
for  the  extinction  coefficient,  as  the  difference  (or  ratio)  between  the  two  signals  depends  only  on 
the  attenuation  in  the  atmosphjric  path  between  the  two  retrorefleciors.  In  practice  one  must  make 
a small  correction  for  differences  between  the  efficiencies  of  the  two  retroreflectors. 

Dr.  G.  N.  Plass;  I am  somewhat  surprised  when  approximate  Mie  equations  are  used  today,  since  ex- 
act calculations  can  be  made  which  run  quickly  on  modern  computers.  Such  a code  is  available  by 
wi-iting  to  Dr.  J.  V.  Dave  of  IBM  Corp,  , San  Jose,  California.  Your  results  shown  in  Figure  2 
go  out  to  very  large  size  parameters.  I am  not  aware  of  an  approxirr.ate  formula  that  is  valid  over 
the  complete  size  range  shown  in  your  figure.  What  approximate  equation  did  you  use? 

Dr.  P.  J.  Wright:  We  do  in  fact  have  the  code  supplied  by  Dr.  J.  V.  Dave  and  have  used  it  on  our  com- 
puter when  required  and  as  a check  on  the  approximation.  The  formula  which  has  been  used  is 
that  given  by  H.  C.  Van  de  Hulst  (as  referenced  in  the  paper)  with  a correction  factor  due  to  Dier- 
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mendjlan.  The  accuracy  o£  this  formula  Is  more  than  adequate  over  the  range  of  particle  sizes 
and  refractive  Indices  employed,  particularly  In  view  of  the  fact  that  we  are  comparing  the  re- 
sults with  experimental  measurements  which  are  themselves  subject  to  launch  larger  errors. 

Apart  from  savings  in  computer  time,  the  approximation  formula  gives  one  greater  flexibility  in 
the  model  in  that  the  refractive  index  may  be  varied,  for  instance  as  a function  of  relative  humid- 
ity of  particle  size. 


THE  FLUID  MECHANICS  AND  COMPUTER  MODELLING  OF  ATMOSPHERIC  TURBULENCE  CAUSING 

OPTICAL  PROPAGATION  FLUCTUATIONS 

Dr.  B.  L.  McGlamery;  Once  you  have  constructed  an  instantaneous  realization  of  a thick  atmosphere, 
how  would  you  calculate  the  propagation  of  a plane  wave  through  the  atmosphere? 

Dr.  William  C.  Meecham:  Once  the  individual  realization  has  been  constructed  giving  an  example  of 

index  of  refraction  fluctuation  within  the  atmosphere,  the  fluctuating  index  function  can  be  inserted 
for  example  in  the  standard  integral  giving  laser  intensity  fluctuations  as  a function  of  index  fluc- 
tuations. Of  course  the  seme  index  of  refraction  function  can  be  uoed  in  other  more  complicated 
theoretical  formulas  in  order  to  verify  the  validity  of  such  theories.  Similarly,  the  fluctuation 
function  could  be  used  to  examine  through  numerical  experiment  questions  involving  beam  centila- 
tion,  beam  tilt  and  alike. 


DETERMINATION  EXPERIMENTALE  DE  L'ABSORPTION  ATMOSPHERIQUE  AU  NIVEAU  DE  LA  MER 

SUR  LES  RAIES  DU  LASER  C02(9-llu) 


Dr.  J,  H.  Blythe:  Have  you  observed  anomalous  propagation  effects,  in  the  maritime  evaporation  duct? 

Mr.  B.  Contenin;  No.  We  only  made  relative  measurements  over  the  entire  spectral  band.  If  the  phenome- 
non to  which  you  alluded  affects  the  entire  spectrum  is  likely  that  we  could  not  observe  it. 


Dr.  R.  A.  McCUtchey:  (1)  I feel  that  discrepancy  on  P40  line  is  probably  explainable  in  terms  of  omit- 
ted water  vapor  line.  As  our  data  have  now  been  modified,  I will  examine  this  upon  returning  to 
my  office.  I am  pleased  to  see  that  the  agreement  in  general  is  so  good.  (2)  What  was  the 
measured  CO2  concentration? 

Mr.  B.  Contenin:  The  present  discrepancy  on  the  P40  line  between  the  theoretical  predictions  of  McClatchey 

and  my  experimental  results  has  been  recognized  in  a recent  paper,  September  1975:  W.  Schnell- 
Applied  Optics,  Vol.  14,  No.  69  (September  75).  It  is  liekly  that  McClatchoy's  explanation  for 
the  discrepancy  is  correct,  and  I wouid  appreciate  if  he  keeps  me  abreast  of  his  future  work  on 
this  topic. 

The  CO-  concentration  was  essentially  constant  during  those  experiments,  of  the  order  of  225  to 
250  ppm. 
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Summary  of  Session  I 
ATMOSPHERIC  CHARACTERIZATION 
by 

Dr.  D.  Hohn,  Chairman 


Session  Highlights 

Proaress  in  atmospheric  modelling  with  respect  to  optical  and  IR  propagation  were  described  in 
papers  No.  1 and  No.  Z by  McClatchey  et  al  and  Shettle  et  al  respectively,  all  of  Air  Force  Cam- 
bridge Research  Laboratories.  Experimental  confirmation  to  a high  level  of  accuracy  was  given 
in  paper  No.  5,  Atmospheric  Effects  Relevant  to  Laser  Spectroscopy  by  Kjelaas  and  Lund,  for 
meteorological  situations  of  high  visibility. 

Problem  Areas  that  Remain 

Further  knowledge  on  the  complex  index  of  refraction  of  the  atmospheric  aerosol  at  wavelengths 
X > Sum  is  needed  as  well  as  better  instrumentation  for  aerosol  diagnostics. 

Further  aerosol  collecting  and  subsequent  analyses  as  well  as  further  relevant  optical/IB  propa- 
gation experiments  are  necessary  to  derive  atmospheric  models  that  can  be  used  in  the  thermal 
range  of  the  spectrum  i.  e.  thermal  imaging  and  CO2  - laser  applications,  and  for  meteorologi- 
cal conditions  of  low  visibility  (strong  haze,  fog,  precipitations). 


This  is  of  extreme  importance  for  the  evaluation  and  optimization  of  future  systems  and  even 
for  present  military  optronic  systems  such  as  thermal  imagers,  range  findei  s,  designators,  etc, 
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Calculations  of  Polarization  and  Radiance  In  the  Atmosphere 

Gilbert  N.  Plass 
Department  of  Physics 
Texas  A6M  University 
College  Station,  Texas,  U.  S.  A. 

SUMMARY 

Two  different  methods  for  the  solution  of  radiative  transfer  problems,  matrix  operator  and  Monte 
Carlo,  are  discussed.  A wide  range  of  problems  can  currently  be  solved  by  the  matrix  operator  method. 

As  an  example  of  the  use  of  the  method,  results  are  given  for  the  radiance  and  polarization  of  the 
radiation  scattered  from  haze  layers  as  well  as  from  models  of  the  real  atmosphere.  The  variation  of 
the  radiance,  polarization,  and  elllptlclty  with  the  aerosol  amount  In  the  real  atmosphere  model  Is 
presented.  These  results  are  compared  with  measurements  reported  In  the  literature.  The  Monte  Carlo 
method  Is  applied  to  the  problem  of  calculation  of  the  radiance  and  polarization  of  the  photons  In  the 
atmosphere  when  there  Is  an  ocean  as  the  lower  surface.  It  Is  found  that  the  turbidity  of  the  ocean 
can  be  deduced  from  the  upwelllng  radiance  measured  at  some  height  in  the  atmosphere.  The  downwelllng 
radiation  jxist  beneath  the  ocean  surface  Is  elliptlcally  polarized  at  those  angles  where  It  Is  derived 
from  the  total  Internal  reflection  of  the  upwelllng  radiation  at  the  ocean  surface. 

1 . INTRODUCTION 

Solar  photons  follow  a complicated  path  In  the  earth's  atmosphere  being  scattered  and  absorbed  by 
the  various  types  of  molecules  and  particulate  matter  of  the  atmosphere  as  well  as  by  the  ocean  and 
various  solids  on  the  earth's  surface.  It  Is  only  within  the  last  decade  that  It  has  been  possible  to 
calculate  with  some  assurance  the  radiation  at  various  levels  in  the  atmosphere  under  various  condi- 
tions using  realistic  models.  Techniques  for  solving  the  multiple  scattering  problem  were  first 
developed  for  Rayleigh  and  Isotropic  scattering.  However,  the  scattering  from  aerosols  whose  size  Is 
of  the  order  of  and  greater  than  the  wavelength  of  light  is  Important  in  the  real  problem;  the  forward 
scattered  Intensity  In  this  case  may  be  many  orders  of  magnitude  greater  than  that  at  90°  or  In  the 
backward  direction.  Numerical  techniques  had  to  be  developed  to  solve  the  radiative  transfer  equations 
for  aerosol  scattering.  The  techniques  that  have  been  used  for  this  problem  Include:  1.  successive 

orders  of  scattering;  2.  Iteration;  3.  doubling;  4.  discrete  ordinate;  5.  spherical  harmonics; 

6.  matrix  operator;  7.  Monte  Carlo.  It  Is  not  possible  to  review  all  of  these  techniques  In  this 
short  article.  Furthermore  many  of  the  other  participants  in  this  meeting  are  presenting  results 
calculated  by  one  or  more  of  these  methods  and  are  describing  their  method.  Each  method  has  advantages 
and  disadvantages,  so  that  the  best  technique  for  one  problem  may  not  be  the  best  for  another. 

In  this  article  the  wide  variety  of  problems  that  can  be  solved  by  the  matrix  operator  and 
Monte  Carlo  methods  Is  indicated.  All  of  out  calculations  have  been  done  by  one  of  these  two  methods 
which  we  naturally  believe  have  advantages  for  many  types  of  problems . Both  cpf  these  methods  have 
long  histories  and  many  scientists  have  contributed  to  their  development.  Thi  history  of  the  matrix 
operator  method  has  been  given  by  Flsss,  G.N.,  Kattawar,  G.  W.,  and  Catchings,  F.  W.  (1973),  while  the 
Monte  Carlo  method  Is  discussed  by  Plass,  G.  N.  and  Kattawar,  G.  H.  (1971).  The  chief  disadvantage 
of  the  Monte  Carlo  method  Is  that  there  is  a statistical  fluctuation  or  "experimental  error"  In  the 
results  which  depends  on  the  number  of  photon  histories  followed.  However,  this  Is  the  only  method 
that  has  been  used  to  solve  such  complicated  problems  as  the  radiance  at  twilight  (the  spherical  earth 
must  be  taken  Into  account)  and  the  radiance  and  polarization  In  the  atmosphere-ocean  system  (caking 
account  of  the  reflection  and  refraction  of  the  light  at  the  ocean  surface  and  the  effect  of  waves). 

Very  asymetrlc  phase  functions  for  aerosols  large  compared  to  the  wavelength  of  light  can  be  used 
with  no  complications  in  the  Monte  Carlo  method. 

The  matrix  operator  method  is  an  entirely  rigorous  numerical  method  tor  the  calculation  of  the 
radiance  and  polarization.  The  solutions  can  be  obtained  accurately  for  optically  thick  layers  (the 
statistical  fluctuations  are  likely  to  be  large  In  this  region  for  the  Monte  Carlo  metb-  The 
various  types  of  solutions  that  can  be  obtained  at  present  by  the  matrix  operator  metl.^u  are  shown  In 
this  article.  Extension  of  the  method  to  highly  asymmetric  phase  functions,  spherical  geometry,  and 
the  calculation  of  the  polarization  In  the  atmosphere-ocean  system  may  require  computers  with  greater 
speed  and  memory  than  are  now  available. 

2.  RADIATION  SCATTERED  BY  HAZE  UYERS 

In  this  section  we  present  some  typical  results  for  the  radiation  field  scattered  by  a plane 
parallel  haze  layer.  All  components  of  the  Stokes  vector  were  calculated  by  the  matrix  operator 
method  so  that  the  radiance,  polarization,  and  elllptlclty  of  the  radiation  were  obtained.  Previously 
Dave,  J.  V.  (1970),  Herman,  B.  M.  e^  ^ (1971),  and  Hansen,  J.  E.  (1969)  have  reported  results  for 
the  scattering  of  radiation  from  haze  layers.  However,  all  of  their  published  results  were  limited 
in  various  ways.  Dave  only  gave  results  for  an  aerosol  size  parameter  of  10  and  up  to  an  optical  depth 
of  10.  Hansen  showed  results  for  the  reflected  light  only. 

Our  calculations  were  made  for  the  haze  L model  proposed  by  DelMendjain,  D.,  (1969).  The  number 
of  particles  with  a given  radius  Is  proportional  to  r‘  exp (-13, 11  r^'^),  where  r Is  the  particle  radius. 
The  real  and  Imaginary  parts  of  the  index  of  refraction  were  taken  as  1.55  and  0.05  respectively, 
reasonable  values  for  continental  hazes  In  the  visible.  The  single  scattering  phase  matrix  was  calcu- 
lated by  the  method  described  by  Kattawar,  G.  W.  et^  ^ (1973).  The  calculated  single  scattering 
albedo  Is  0.717.  The  single  scattering  function  obtained  from  this  phase  matrix  Is  shown  In  Fig.  1. 
There  is  a fairly  strong  maximum  In  the  backward  direction  and  a slight  maximum  at  the  rainbow  angle. 

The  upward  radiance  reflected  from  haze  layers  of  various  optical  thicknesses  is  shown  In  Fig.  2. 
The  cosine  of  the  solar  zenith  angle  p “ 0.188  (6^  « 79.15°).  A single  curve  In  the  figure  shows  the 
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variation  of  the  radiance  from  the  solar  horizon  on  the  left  of  the  figure  to  the  nadir  (at  the  center) 
to  the  antlaolar  horizon  (at  the  right)  In  the  principal  plane  containing  the  Incident  direction  of 
the  solar  rays.  For  haze  layers  with  small  optical  thickness  (t)  the  radiance  decreases  by  four  orders 
of  magnitude  between  the  solar  horizon  and  the  nadir  and  Increases  by  two  orders  of  magnitude  from  the 
nadir  to  the  antlaolar  horizon.  When  t “ 16,  the  curve  has  approached  Its  asymptotic  limit  on  the  scale 
of  this  figure. 

The  downward  radiance  is  given  Jn  Fig.  3 for  the  photons  transmitted  through  haze  layers  of 
various  optical  thicknesses  and  observed  at  the  lowei  oundary.  The  downward  radiance  Increases 
until  the  optical  thickness  is  of  the  order  of  unity  The  maximum  is  at  the  solar  horizon  (left  of 
figure)  when  the  haze  layer  has  small  optical  thickn.  iS.  As  the  optical  thickness  further  Increases, 
the  maximum  value  for  the  transmitted  radiance  moves  from  the  solar  horizon  to  the  zenith.  When  t - 16, 
the  maximum  Is  at  the  zenith  and  the  radiance  la  Independent  of  the  azimuthal  angle  (i)>)  on  the  scale  of 
the  figure. 

The  polarization  of  the  radiation  scattered  by  aerosol  layers  exhibits  various  new  features  which 
are  not  found  In  scattering  from  Rayleigh  typo  particles.  One  major  difference  is  that  the  polariza- 
tion of  single  scattered  radiation  from  aerosols  exhlb.ts  one  or  more  zeros  In  between  the  end  points 
of  the  curve.  The  polarization  of  single  scattered  phoions  from  haze  L Is  shown  In  Fig.  4.  It  should 
be  noted  that  the  polarization  Is  zero  for  scattering  angles  ot  3. S3*  and  25.6*  and  that  It  Is  sma]l 
when  the  scattering  angle  Is  less  than  25.6“. 

The  polarization  of  the  radiation  transmitted  through  haze  layers  of  various  optical  thicknesses 
for  the  same  solar  zenith  angle  (0<j  - 79.15“)  Is  shown  In  Fig.  5.  The  behaviour  of  the  neutral  points 
(angle  at  which  the  polarization  Is  zero)  is  entirely  different  than  for  Rayleigh  scattering.  There 
Is  8 non-Rayl€:igh  neutral  point  near  p « 0.59  (53.6*)  at  small  optical  thicknesses.  As  the  optical 
thickness  of  the  haze  layer  Increases, It  has  moved  only  slightly  to  57.6“  for  t 2.  Interestingly 
a second  neutral  point  appears  at  the  horizon  when  t ” 1.4  and  there  are  two  non-Rayleigh  neutral 
points  when  1.4  < r < 2.3.  When  x > 2.3  there  are  no  neutral  points  for  the  transmitted  radiation. 

The  position  of  the  non-Rayleigh  neutral  points  for  five  solar  zenith  angles  Is  given  in  Fig.  6. 

The  curves  vary  greatly  in  shape  depending  on  the  solar  angle.  There  are  zero,  one,  ot  two  of  these 
neutral  points  depending  on  the  optical  thickness. 

The  angle  which  the  direction  of  polarization  (maximum  intensity  component)  makes  with  the 
direction  of  the  meridian  plane  containing  the  final  photon  direction  called  x-  values  of  x for 

the  reflected  and  transmitted  photons  are  shown  in  Fig.  7.  The  variation  of  x with  optical  thickness 
is  very  small  for  the  reflected  photons.  On  the  other  hand  x varies  appreciably  with  t for  the  trans- 
mitted photons. 

The  light  scattered  by  a haze  layer  is  In  general  elliptlcaily  polarized.  The  elliptlcity  of 
the  light  Is  shown  In  Fig.  8.  The  variation  is  obviously  complicated,  particularly  in  the  case  of 
the  transmitted  light, 

So  far  all  of  the  results  have  been  for  the  radiation  observed  at  either  the  upper  or  lower 
boundary  of  the  haze  layer.  It  is  also  possible  to  calculate  the  radiance  at  interior  points  within 
the  haze  layer.  The  downward  normalize!  radiance  is  shown  In  Fig.  9 at  various  optical  depths  within 
a haze  layer  of  great  optical  thickness.  The  normalized  radiance  la  defined  as  the  actual  radiance 
multiplied  by  v and  divided  by  the  downward  diffuse  flux  at  the  optical  depth  t.  Thus  the  variation 
of  the  radiance  with  zenith  angle  at  different  depths  can  conveniently  b®  compared.  At  small  optical 
depths  beneath  the  upper  surface,  the  radiance  has  a maximum  oround  the  direction  of  the  solar  beam. 

At  larger  optical  depths  this  maximum  moves  to  the  zenith  and  the  Interior  radiance  becomes  Inde- 
pendent of  azimuth.  The  shape  of  the  radiance  distribution  no  longer  changes  with  i ; this  Is  called 
the  asymptotic  radiance  distribution. 

The  upward  normalized  radiance  for  the  sane  case  Is  shown  in  Fig.  10.  Near  the  upper  surface 
there  is  a pronounced  maximum  near  the  solar  horizon.  At  large  optical  depths  within  the  medium  the 
normalized  radiance  becomes  Independent  of  t and  approaches  the  asymptotic  radiance  distribution. 

The  asymptotic  distribution  for  the  upward  radiance  has  a minimum  at  the  nadir,  while  that  for  the 
downward  radiance  has  a maximum  at  the  zenith. 


The  upward  normalized  interior  radiance  near  the  lower  surface  of  an  optical  deep  medium  is  1 
shown  in  Fig.  11.  The  photon  has  lost  all  memory  of  the  incident  solar  direction  by  the  time  it  j 
reaches  the  lower  surface  of  an  optically  deep  medium,  so  that  the  radiance  Is  independent  of  azimuth,  ? : 
The  shape  of  the  radiance  curves  depends  solely  on  the  scattering  and  absorbing  properties  of  the  haze  ,j 
layer  and  of  the  lower  boundary.  ' ; 

3.  RADIATION  SCATTERED  BY  ATMOSPHERIC  MODELS 

The  radiation  field  for  a realistic  model  of  the  earth's  atmosphere  has  been  calculated  by  the  ; 
matrix  operator  method.  Early  studies  by  Pekera,  Z.  (1956)  and  others  compared  atmospheric  models  j 
that  considered  only  Rayleigh  scattering  to  observational  data.  These  results  clearly  indicate  that  one  , | 
must  include  the  scattering  and  absorption  due  to  aerosols  and  absorption  due  to  ozone  as  well  as  the  J j 
Rayleigh  scattering  In  performing  realistic  calculations  for  the  earth's  atmosphere.  The  model  Is  | 
necessarily  inhomogeneous  since  the  concentration  of  aerosols  and  ozone  relative  to  the  molecular  or  ^ • 
Rayleigh  constituent  vary  with  altitude.  The  matrix  operator  method  easily  performs  tl;ese  calculations  x 
utilizing  the  alogiithm  for  combining  two  arbitrary  layers.  The  results  reported  in  this  section  were  ; 
obtained  by  S.  J.  Hiczfelder,  G.  W.  Kattawar,  and  G,  N.  Plass.  ‘ 
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Elteman's  model  (Eltermani  L.,  1969)  was  used  for  the  extinction  coefficients  of  the  Rayleigh, 
aerosol,  and  oaone  constituents  as  a function  of  height.  TWo  models  were  derived  from  the  Elterman  model, 
the  unchanged  or  normal  model,  and  the  one-third  normal  model.  In  which  the  aerosol  constituent  was  re- 
duced to  one- third  the  normal  amount.  These  two  models  were  considered  to  study  the  effects  of  varying 
the  aerosol  content  of  the  earth's  atmosphere.  These  calculations  were  performed  at  X • 0.55  um«  In  the 
middle  of  the  visible  region.  For  the  normal  model,  the  total  optical  depth  was  0.378;  for  Che  one-third 
normal  model,  the  total  optical  depth  was  0.212.  In  addition  to  a different  optical  depth  the  one-third 
normal  model  has  a different  effective  phase  matrix  than  the  normal  model.  These  two  differences  affect 
the  results  considerably. 

The  haze  1 distribution  was  used  to  calculate  the  phase  matrix  foi  the  aerosols.  The  resulting 
single  scattered  intensity  Is  shown  In  Fig.  1 and  the  single  scattered  polarization  in  Fig.  The  sign 
of  the  polarization  produced  by  the  haze  phase  matrix  Is,  over  most  of  the  range,  opposite  to  that  pro- 
duced by  Rayleigh  scattering.  This  produces  interesting  effects  In  the  polarltation  of  the  reflected 
and  transmitted  radiation. 

The  Surface  of  the  earth  has  a considerable  effect  on  both  the  radiance  and  polarisation,  although 
It  Is  not  realistic,  a Lambert  surface  Is  considered  at  tha  bottom  of  the  etmoaphert..  It  Is  the  stablest 
surface  to  model,  and  little  Is  known  about  the  polarization  ef facta  of  raal  aurfacaa.  Three  valwee  of 
the  surface  albedo  are  considered,  A • 0,  0.15,  and  0.90.  The  zero  value  is  ronsidcred  for  two  reasoma: 

It  Is  easy  to  calculate  and  In  comparison  with  other  values  it  helps  to  demonstrate  the  effect  of  « reel 
surface  on  the  radiation  reflected  and  transmitted.  A reasonable  average  value  for  the  al>*do  of  the 
various  surfaces  on  the  earth  la  0.15.  Since  a snow  covered  surface  closely  approxlmatea  a I iimtiert 
surface  with  an  albedo  of  about  0.9,  this  value  was  also  included  In  the  calculations. 

The  transmitted  radiance  at  the  earth'a  surface  for  both  leodels  and  all  three  surface  albedo#  la 
shown  In  Fig.  12  for  the  sun  at  the  zenith  (p  1).  The  single  scattered  radlencc  is  also  given  for 
both  models.  The  radiance  Is  greater  for  the  normal  than  for  the  one-third  normal  atmosphere  at  al< 
angles  of  observation  except  near  the  horizon.  There  Is  horizon  brightening  for  the  one-third  normal 
atmosphere  and  horizon  darkening  for  the  normal  atmosphere.  The  explanation  is  connected  with  the  fa^t 
that  the  transmitted  radiation  through  a pure  Rayleigh  atmosphere  shows  horlzot.  brightening  up  to  an 
optical  depth  of  about  0.25  and  horizon  darkening  at  greater  optical  depths. 

The  polarization  of  the  transmitted  photons  Is  shown  In  Fig.  13  for  the  same  cases.  The  one-third 
normal  atmosphere  has  a larger  polarization  at  all  angles  in  each  r e than  the  normal  leodel . The  cause 
of  this  is  twe  fold.  The  optical  depth  is  smaller  for  the  one-thli.a  normal  atmosphere  and  In  general, 
the  less  multiple  scattering  that  occurs,  the  less  the  dilution  from  the  single  scattering  polarlzetton. 
The  second  effect  Is  due  to  the  single  scattering  polarization.  The  greater  the  amount  of  aeroaol  in 
the  atmosphere,  the  greater  effect  the  opposite  sign  of  the  aerosol  single  scattering  polarization  will 
have  in  decreasing  the  Rayleigh  single  scattering  polarization-  This  Is  seen  in  the  two  single  scattering 
curves  In  Fig.  13.  The  one-third  normal  atmosphere  single  scattering  has  Its  maximum  closer  to  thp 
horizon,  that  Is  closer  to  a 90°  single  scattering  angle,  than  Is  the  case  for  the  normal  atmosphere 
curves.  As  Che  amount  of  aerosol  Increases,  this  peak  moves  toward  the  zenith.  The  polarization 
decreases  as  the  surface  albedo  Increases.  This  effect  Is  expected  since  the  Increased  radiance  due  to 
the  surface  is  randomly  polarized  and  thus  decreases  the  overall  polarization. 

The  reflected  radiance  at  the  top  of  the  atmosphere  is  given  In  Fig.  lA  when  the  sun  Is  at  the 
zenith.  The  slight  Increase  In  radiance  at  the  antisolar  point  (p  ~ 1)  for  the  cases  of  single  scat- 
tering and  of  A “ 0 is  due  ro  the  glory  In  the  aerosol  phase  function.  The  glory  is  more  evident  in 
the  normal  atmosphere  case  because  of  the  larger  effect  of  the  aerosol. 

Hhen  A ■ 0.15  and  0.9  the  radiance  varies  little  with  the  angle  of  observation.  There  is  an  Inter- 
esting point.  Hhen  A - 0,  Che  radiance  Is  greater  at  most  angles  for  the  normal  aerosol  model  than  for 
the  one-third  normal  model.  On  the  other  hand  the  one-third  normal  radiance  Is  greater  for  the  non-zero 
albedo  cases.  The  reason  Is  that  the  total  downward  flux  Including  the  direct  solar  beam  Is  greater  for 
the  one-third  than  for  the  normal  aerosol  model.  When  the  albedo  Is  non-zero,  this  extra  contribution 
after  reflection  from  the  lower  surface  makes  the  reflected  radiance  at  the  top  of  the  atmosphere 
greater  for  the  one-third  than  for  the  normal  model. 

The  polarization  of  the  reflected  photons  is  shown  In  Fig.  15.  The  polarization  as  expected  de- 
creases rapidly  as  the  surface  albedo  Increases.  If  the  scattering  were  entirely  Rayleigh,  the  neutral 
point  would  be  at  the  nadir  (u  ■ 1) . The  neutral  point  for  the  normal  atmosphere  model  Is  at  about 
p “ 0.92  (23°)  for  single  ocuttering  and  p - 0.94  (20°)  for  the  normal  aerosol  amount.  It  does  not 
vary  appreciably  with  the  surface  albedo.  The  aerosols  cause  the  neutral  point  to  move  away  from  the 
nadir.  The  large  positive  peak  In  the  oerosol  polarization  cancels  the  negative  Rayleigh  polarization 
at  an  angle  determined  by  the  ratio  of  aerosol  to  Rayleigh  scattering. 

As  an  example  of  another  solar  angle,  the  polarization  of  the  transmitted  photons  Is  shown  in 
Fig.  16  when  Pg  “ 0.171  (80.18°)  in  the  principal  plane.  The  maximum  polarization  occurs  at  p " 0.98 
which  la  about  90°  from  the  Incident  beam.  This  peak  Is  characteristic  of  Rayleigh  scattering.  The 
single  scattering  peak  for  Rayleigh  scattering  would  be  precisely  90°  from  the  incident  direction  and 
the  polarization  would  be  100%.  Deviations  from  this  are  causea  by  the  finite  optical  thickness  of  the 
atmosphere  and  by  the  aerosol  scattering.  The  maximum  polarization  In  Fig,  16  Is  0.601  and  0.778  for 
one-third  normal  and  for  normal  aerosol  amounts  respectively,  live  neutral  points  arc  changed  by  the 
Introduction  of  the  aerosols.  The  Arago  points  change  appreciably  as  the  aerosol  amount  changes  from 
one-third  to  normal,  while  there  Is  relatively  little  chan;te  In  the  position  of  the  Babinet  points. 

The  polarization  of  the  transmitted  radiation  out  of  the  principal  plane  is  shown  In  Figs.  17  and 
18  tor  the  azimuthal  angles  ■ 30°  and  150°  and  4>  » 90°  respectively.  Note  that  neutral  points  do  not 
occur  out  of  the  principal  plane.  At  most  angles  the  polarization  Increasea  as  approaches  90°  with 


the  curves  becoming  almost  flat  at  if  “ 90°.  In  the  f - 90°  plane  ^ the  single  scattering  uigle  is  al- 
most constant  and  very  close  to  90°.  At  this  angle  the  maximum  single  scattering  polarization  occurs 
for  Rayleigh  scattering.  Thus  the  polarization  In  general  Increases  and  becomes  almost  constant  as  the 
f - 90“  plane  Is  approached. 

If  a and  b are  proportional  to  the  major  and  minor  axes  respectively  of  the  ellipse  described 
by  the  end  point  of  the  electric  vector,  the  ratio  b/a  - tan  B is  defined  as  the  measure  of  the 
elllptlclty  of  the  radiation.  It  can  be  computed  directly  from  the  Stokes  parameters  of  the  radi- 
ation. The  elllptlcltyi  tan  B,  for  the  transmitted  radiation  Is  shown  In  Fig.  19  for  Uq  ^ 0.171  and 
f “ 30°  and  150°.  The  elllptlclty  changes  very  little  with  the  surface  albedo.  Thus  the  only  curves 
shown  are  for  A • 0.  Our  model  for  the  atmosphere  assumed  spherical  aerosol  particles.  The  phase 
matrix  for  spherical  particles  has  a zero  entry  in  the  fourth  row  and  first  column;  thus  Incident  un- 
polarlzed  radiation  cannot  create  a circular  component  from  a single  scattering.  In  addition,  in  the 
Rayleigh  phase  matrix,  all  entries  in  the  fourth  row  are  zero  except  for  the  fourth  column.  Therefore 
a Rayleigh  scattering  atmosphere  cannot  create  a circular  component  even  by  multiple  scattering.  It 
can  only  alter  an  already  existing  component. 


The  absolute  value  of  the  elllptlclty  Is  greater  for  the  normal  than  for  the  one-third  normal 
aerosol  model,  except  near  the  zeros  of  the  function  (see  Fig.  19).  The  shape  of  the  curves  Is  very 
similar  for  both  models.  The  elllptlclty  Increases  In  magnitude  rapidly  as  the  horizon  Is  approached. 
Other  results  not  shown  here  show  that  this  Increase  near  the  horizon  Is  not  as  large  In  the  ^ • 90° 
plane.  A comparison  of  the  results  for  the  polarization  and  elllptlclty  shows  that  In  general  the 
elllptlclty  Is  large  In  a region  where  the  polarization  Is  small  and  visa  versa.  When  the  four  Stokes 
components  are  I,  Q,  U,  V,  the  polarization  V Is 


5^  + 


and  the  elllptlclty  b/a  Is 


1-1  V 1222-1/2 

b/a  - tan  B - - tan{i  sin  ^ — r ^ c-r-rrl  — ^V(Q‘‘  + + V^) 

^ <Q^  + ^ 

2 2 2 

For  these  equations  It  Is  seen  that  whenever  Q U V Is  nearly  as  large  as  I that  the  polarization 
is  large  and  the  elllptlclty  is  small.  The  elllptlclty  Is  zero  whenever  V Is  zero.  It  has  been  claimed 
Chat  Che  values  of  che  elllptlclty  In  the  region  where  the  polarization  la  small  are  uncertain  due  to 
truacacloo  errors.  We  believe  that  our  values  are  real  and  are  not  caused  by  truncation  errors  be- 
cause all  of  the  values  of  P,  x (the  angle  of  polarization),  and  b/a  are  very  well  behaved  in  this 
region. 

It  wsis  stated  earlier  that  s Rayleigh  atmosphere  could  not  produce  an  elliptlcally  polarized  beam. 

A comparison  of  the  elllptlclty  values  for  the  real  atmosphere  model  with  those  for  a haze  L layer  of 
corresponding  depth  shows  the  same  features  In  both.  The  sharpness  of  some  of  the  haze  L features  are 
smoothed  out  in  the  re.-*l  atmosphere  by  scattering  from  the  Rayleigh  component. 

We  next  consider  the  radiation  observed  at  the  top  of  the  atmosphere  as  reflected  from  our  real 
atmosphere  models.  The  reflected  radiance  for  Uj,  ■ 0.171  in  the  principal  plane  is  shown  in  Fig.  20. 

Curves  are  shown  for  rll  three  surface  albedos  and  for  both  models  as  well  as  for  the  single  scattering 

curves.  In  the  forward  scattering  half  plane  (41  - 0°),  the  normal  atmosphere  has  the  larger  intensity 

in  general,  while  in  the  4 • 180°  half  plane,  the  one-third  normal  atmosphere  has  the  larger  Intensity. 

The  forward  scattering  peak  of  the  aerosols  is  more  pronounced  in  the  normal  model,  thus  making  the 
radiance  greater  In  this  case  near  the  solar  horizon.  The  back  scattering  is  more  dependent  upon  the 

Rayleigh  phase  function  and  It  Is  more  predominant  in  the  one-third  normal  model. 

The  polarization  of  the  reflected  radiation  In  the  principal  plana  la  shown  In  Fig.  21  for 

Up  » 0.171.  The  Bablnet  neutral  point  Is  seen  in  the  4 “ 180°  half  plane,  but  the  Brewster  or  Arago 

point  Is  not  visible.  It  may  be  so  close  to  the  horizon  that  the  data  does  not  show  it  or  there  may 
not  be  one  In  this  case.  There  are  two  neutral  points  for  the  normal  aerosol  model.  The  polarization 
near  the  nadir  is  greater  for  the  one-third  normal  model  than  for  the  normal  model  when  the  surface 
albedo  Is  zero.  However,  when  A « 0.9,  the  normal  model  actually  has  the  larger  polarization.  This 
I3  related  to  the  greater  absorption  in  the  normal  model  and  consequent  smaller  downward  flux  which 
reaches  the  lower  surface  and  Is  reflected  as  unpolarlzed  radiation. 

The  elllptlclty  of  the  reflected  radiation  is  shown  in  Fig.  22  for  uo  ” 0.171  and  4 " 30°  and  ISO'". 
The  elllptlclty  for  the  normal  and  one-third  normal  models  is  again  similar  with  the  normal  model 
having  the  larger  elllptlclty.  The  elllptlclty  of  the  reflected  radiation  is  smaller  than  that  of  the 
transmitted.  This  effect  la  to  be  expected  since  double  and  higher  order  scatterings,  with  the  second 
or  higher  order  scatterings  by  the  aerosol,  cause  elllptlclty.  A photon  reaching  the  surface  of  the 
atmosphere  hr=>  traversed  an  optical  path  at  least  equal  to  the  optical  depth  of  the  atmosphere  and  has 
traveled  through  all  of  the  aerosol.  A photon  escaping  from  the  top  of  the  atmosphere  can  traverse  an 
optical  path  leas  than  che  total  depth  of  the  atmosphere  and  can  .niss  most  of  the  aerosol  which  is  near 
the  bottom.  Thus  It  is  more  probable  for  a photon  reaching  the  surface  to  be  elliptlcally  polarized 
and  thus  the  transmitted  elllptlclty  is  greater. 

When  the  curves  for  the  elllptlclty  of  the  reflected  radiation  from  the  real  atmosphere  mod. -I  are 
compared  with  those  for  a haze  L layer,  it  Is  found  that  the  Rayleigh  scattering  changes  their  shape 
considerably.  As  one  example,  the  elllptlclty  Is  negative  in  the  entire  half  plane  4 “ 30“  for  a haze 
L layer,  but  has  both  positive  and  negative  regions  for  the  real  atmosphere  model  (Fig.  22). 
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Recently  sene  excellent  measurements  of  the  polarization  of  skylight  have  been  reported  by 
Coulson,  K.  L.  e^  al  (1974).  These  measurements  were  made  at  Hauna  Loa  Observatory,  Hawaii  at  an 

altitude  of  3416  m.  Only  a limited  comparison  can  be  made  with  our  calculations,  since  our  results  for 

the  transmitted  radiation  ai:e  at  sea  level  and  at  a wavelength  of  0.55  wm,  a wavelength  not  Included 
l.n  their  measurements.  The  maximum  polarization  of  downwelllng  radiation  at  any  zenith  angle  as  a 
function  of  the  sun's  elevation  Is  shown  In  Fig.  23  for  the  normal,  one-third  normal,  and  for  two 
Rayleigh  cases.  The  shapes  of  the  curves  are  all  similar,  but  the  values  of  the  maximum  polarization 
are  less  for  the  real  than  for  a Rayleigh  atmosphere.  Coulson's  data  shows  large  fluctuations,  presum- 
ably due  to  the  day-to-day  variations  of  the  content  of  the  atmosphere.  Their  data  suggest  a decrease 
In  the  maximum  polarization  with  an  Increase  In  the  solar  elevation.  Their  maximum  polarizations  were 
larger  than  our  calculated  ones,  a fact  easily  explained  by  their  3416  m altltuae. 

The  angular  distance  between  the  Bablnet  points  or  the  neutral  point  above  the  sun,  versus  solar 
elevation  Is  shown  In  Fig.  24  for  the  nonaal  and  one-third  normal  models.  The  position  of  the  neutral 
points  is  virtually  Independent  of  the  surface  albedc.  An  Interesting  feature  Is  that  the  Bablnet  point 

Is  closer  to  the  sun  for  the  normal  than  for  the  one-third  normal  atmosphere.  The  explanation  is 

connected  with  the  polarization  from  the  aerosols  which  has  the  opposite  sign  from  Rayleigh  scattering 
and  thus  keeps  tlie  neutral  points  closer  to  the  sun  in  spite  of  the  larger  optical  thickness  of  the  nor- 
mal model. 

Coulson’s  measurements  for  the  position  of  the  Bablnet  point  at  a wavelength  of  0.40  pm  again  have 
considerable  scatter,  but  are  qualitatively  similar  to  the  curves  in  Fig.  24.  The  angular  position  Is 
as  much  as  twice  as  large  as  that  given  by  the  calculations,  which  may  be  due  to  the  difference  in  wave- 
length and  a correspondingly  larger  optical  thickness  of  the  atmosphere  at  the  ultraviolet  wavelength. 

The  angular  distance  between  the  Brewster  point  and  the  solar  point  Is  shown  In  Fig.  25  as  a 
function  of  solar  elevation.  Coulson's  data  again  has  a great  deal  of  scatter,  but  seems  to  follow  the 
linear  trend  predicted  by  the  calculations. 

4.  RADUTION  IN  THE  ATMOSPHERE-OCEAN  SYSTEM 

A determination  of  Che  complete  radiation  field  Including  polarization  In  a realistic  model  of  the 
atmosphere  with  an  ocean  surface  below  seems  beyond  the  capabilities  of  present  day  computers  when  a 
technique  similar  to  the  matrix  operator  method  la  used . This  is  an  example  of  a problem  that  can  be 
profitably  solved  by  a Monte  Carlo  method.  This  work  was  done  hy  Plass,  G.  N.,  Kattawar,  G.  W. , and 
Guinn,  J.  A,,  Jr.  The  solar  photons  undergo  absorption  and  multiple  scattering  by  aerosols  and  atmos- 
pheric molecules,  reflection  and  refraction  at  the  ocean  surface,  and  further  absorption  and  multiple 
scattering  by  hydrosols  and  water  molecules  of  the  ocean.  Additional  complexity  arises  from  scattering 
and  absorption  by  the  ocean  floor  and  from  refraction  and  reflection  (Including  total  internal  reflec- 
tion at  some  angles)  of  the  upwelllng  light  at  the  ocean  boundary.  The  resulting  radiation  field  ex- 
hibits high  polarization  In  certain  directions  as  a result  of  these  many  different  kinds  of  photon 
interactions . 

In  a typical  Monte  Carlo  calculation  the  sequence  of  events  is  as  follows.  The  position  of  the 
first  collision  of  the  solar  photon  is  determined.  If  It  is  in  the  atmosphere,  random  numbers  determine 
from  the.' cross-section  ratios  for  the  appropriate  atmospheric  layer  whether  It  Is  a Rayleigh  (molecular) 
oi.  Mle  (aerosols)  collision.  The  method  of  statistical  weights  Is  used  throughout  the  program  (Plass, 

G.  N.  , and  Kattawar,  G.  W. , 1971)  and  the  absorption  is  accounted  for  by  simply  multiplying  the  weight 
by  the  ratio  of  the  total  scattering  cross-section  to  the  total  cross-aectlon  for  all  processes.  A 
photon  history  Is  terminated  only  when  the  weight  falls  below  some  pre-assigned  value  (taken  aa  10~^  In 
all  calculations  reported  here) . The  scattering  angle  Is  chosen  from  the  distribution  obtained  from 
the  single-scattering  matrix  for  either  Rayleigh  or  aerosol  scattering,  as  appropriate.  The  Stokes 
vector  Is  rotated  Into  the  scattering  plane  before  each  collision  and  rotated  back  into  the  meridian 
plane  afterward  hy  the  use  of  rotation  matrices.  The  process  Is  repeated  until  the  photon  reaches  the 
atmosphere-ocean  surface. 

At  the  atmosphere-ocean  Interface  a random  number  Is  used  In  the  Monte  Carlo  calculation  to  de- 
termine whether  a given  photon  Is  reflected  or  transmitted  at  the  surface;  the  probability  for  reflec- 
tion and  transmission  at  a particular  angle  of  incidence  is  calculated  from  the  Fresnel  equations  with 
a refractive  index  of  1.338.  When  the  photons  are  Incident  from  below  the  surface,  the  calculations 
take  account  of  total  internal  reflection  at  the  appropriate  angles , When  the  photon  undergoes  a 
collision  within  the  ocean,  random  numbers  determine  from  the  croas-sectlon  ratio  whether  the  photon 
is  scattered  from  a Rayleigh  (molecular)  or  Mle  (hydrosol)  center,  and  the  weight  is  modified  appro- 
priately to  account  for  absorption.  The  new  scattering  angle  is  determined  from  the  Rayleigh  or  the 
hydrosol  single-scattering  matrix  as  appropriate. 

A typical  computer  run  on  the  CDC  7600  takes  3 1/2  minutes,  during  which  time  550,000  photon  col- 
lisions are  processed.  The  results  give  the  four  (.omponents  of  the  Stokes  vector,  the  degree  and 
direction  of  polarization,  and  the  elliptlclty  of  the  upward  and  downward  radiance  as  a function  of  the 
zenith  and  azimuthal  angles.  All  of  these  results  are  given  for  11  different  detectorn,  which  are 
located  at  various  heights  in  the  atmosphere  and  ocean. 

A small  sample  of  the  results  that  we  have  calculated  is  shown  in  the  next  few  figures . The 
radiance  Is  given  in  Fig.  26  for  a solar  zenlty  angle  of  31.79°.  Both  the  upward  and  downward  radia- 
tion are  shown  on  one  figure.  One  finds  from  left  to  right:  colar  horizon,  incident  sun,  zenith,  anti- 
solar horizon,  nadir,  reflected  sun  (above  ocean  surface),  solar  horizon.  The  downward  radiation  is 
represented  on  the  left  half  of  the  graph  and  the  upward  on  the  right  half.  All  photons  within  30° 
in  azimuth  of  the  principal  plane  have  been  averaged  Into  the  results.  A wavelength  of  0.46  urn  and  a 
clear  ocean  model  (ratio  of  total  scattering  cross-section  to  total  cross-aectlon  is  0.514  and  ratio  of 
Rayic^rh  scattering  cross-section  to  total  cross-section  is  0.218)  are  assumed.  The  radiance  is  shown 
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at  five  detector  locations:  top  of  atmosphere  (triangle  with  point  up);  Just  above  ocear.  surface 
(cross);  just  below  ocean  surface  (circle);  an  optical  depth  of  unity  below  the  ocean  surface  (square). 

The  downward  radiance  Just  above  the  ocean  surface  decreases  appreciably  Just  after  one  passes 
through  the  zenith  and  then  slowly  Increases  toward  the  antlsolar  horizon.  The  upward  radiance  has  a 
minimum  near  the  nadir.  The  most  interesting  feature  Is  the  variation  of  the  downward  radiance  Just 
below  the  ocean  surface.  The  critical  angle  Is  at  48.36*  (w  - 0.6644);  all  radiation  from  the  direct 
sunlight  and  from  the  sky  enters  a calm  ocean  within  the  cone  bounded  by  this  48.36*  angle  from  the 
zenith.  Thus  the  downward  radiance  Is  much  larger  within  this  cone  than  outside  of  It.  Outside  of  the 
cone  the  only  downward  radiation  arises  from  upwelllng  light  (usually  very  weak  compared  to  the  down- 
welling  light)  that  undergoes  total  Internal  reflection  at  the  underside  of  the  ocean  surface.  The 
large  drop  of  the  radiance  outside  of  the  critical  angle  is  evident  In  Fig.  26. 

Other  calculations  not  further  reported  here  show  that  the  upwelllng  light  can  be  used  as  a 
measure  of  the  turbidity  of  the  ocean.  The  minimum  value  of  the  upward  radiance  Just  above  the  ocean 
surface  as  a function  of  the  nadir  angle  of  observation  li.creases  640X  from  a turbid  to  a clear  ocean 
model.  Even  at  the  top  of  the  atsKisphere  the  Increase  Is  40Z. 

The  polarization  of  the  radiation  Is  shown  In  Fig.  27  for  the  same  solar  zenith  angle  as  In  the 
previous  figure.  The  polarization  of  the  downward  radiation  Just  above  the  ocean  surface  (crosses) 
decreases  from  Che  solar  horizon  Co  a small  value  at  the  zenith  and  then  Increases  to  a relatively 
large  value  near  the  antlsolar  horizon.  This  Increase  Is  caused  by  nearly  right  angle  scattering 
from  Rayleigh  scattering  centers.  The  polarization  of  the  upward  radiation  decreases  from  the  ancl- 
solar  horizon  to  the  nadir  and  Increases  to  a large  value  (0.72)  at  the  Brewster  angle 
(53.23*;  u • 0.60)  and  Chen  decreases  somewhat  toward  the  solar  horizon.  The  polarization  of  the  up- 
welllng light  observed  at  the  cop  of  the  atmosphere  (triangle,  point  up)  Is  appreciable  except  near 
the  nadir.  It  la  large  over  a wide  range  of  angles  around  the  Brewster  angle. 

It  Is  Interesting  to  point  out  that  the  downwelllng  radiation  Just  below  the  ocean  surface  Is 
elllptlcally  polarized  (Fig.  28).  This  figure  assumes  a solar  zenith  angle  of  70.12*.  The  top  half 
Is  for  the  principal  plane  and  Che  bottom  half  for  a plane  at  right  angles  to  the  principal  plane. 

The  elllptlclty  Is  appreciable  at  all  viewing  angles  outside  of  the  critical  cone  that  admits  light 
from  the  direct  sun  and  sky.  The  elllptlclty  arises  from  the  total  Internal  reflection  of  the  water 
at  the  underside  of  the  ocean  surface.  . 


5.  CONCLUSIONS 

The  solution  of  a wide  variety  of  problems  In  multiple  scattering  can  be  obtaiijed  by  the  matrix 
operator  and  Monte  Carlo  methods.  These  Include  '-e  c\lculatlon  of  the  radiance  and  polarization  of 
the  radiation  scattered  from  cloud  layers  of  various  types  and  thicknesses  as  well  as  from  models  of 
the  real  atmosphere  with  varying  aerosol  amounts  over  both  land  and  ocean  surfaces.  The  results  of 
such  calculation  enable  us  to  underoCand  Che  dependence  of  the  radiation  on  Che  many  different  deter- 
mining factors  In  a real  atmosphere. 


This  research  was  supported  in  part  by  grant  NGR-44-001-117  from  the  National  Aeronautics  and 
Space  Administration. 
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Fig.  1.  Intensity 
angle. 


Fig.  2.  Upward  radiance  for  haze  L,  (cosine  of  nadir  angle)  - 0.18817,  A (surface  albedo)  - 0, 
and  t (azimuthal  mgle)  ■ 0®  and  180o,  observed  at  upper  surface  of  layer.  The  left  hand  portion  of 
graph  Is  for  an  azimuthal  angle  ♦ - 0°  and  the  right  hand  portion  la  for  t " 180°.  The  solar  horlz 
at  the  left  of  the  figure,  the  nadir  Is  at  the  center,  followed  by  the  antlsolar  point  and  the  anti 
horizon  at  the  right.  Curves  are  given  for  layers  with  various  values  of  the  optical  thickness  t. 
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Fig.  3.  Downward  radiance  for  haze  L,  Uq  ■ 0.18817,  A - 0,  and  ♦ - 0®  and  180°,  observed  at  lower  sur- 
face of  layer.  The  azlauthal  angle  * - 0°  for  the  left  hand  portion  of  the  graph  and  180°  for  the  right. 
The  solar  horizon  la  at  the  left  of  the  figure,  followed  by  the  solar  point,  the  zenith,  and  the  a.iti- 
solar  horizon  on  the  right. 
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COSINE  OF  SCATTERING  ANGLE— > 

Fig.  A.  Polarization  of  single  scattered  photons  from  haze  L.  The  two  Insets  show  the  polarization 
for  scattering  angles  near  0°.  The  abscissa  is  the  cosine  of  the  scattering  angle. 
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Fig.  ' The  angle  x which  the  direction  of  polarization  aakea  with  the  direction  of  the  meridian  plane 
containing  the  final  phot'm  direction.  Curvea  are  given  for  the  photons  reflected  from  and  transmitted 
through  a layer  of  optical  thickness  t for  po  " 0.18817,  A - 0,  and  d * 30°  and  150°. 
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Fig.  8e  Tht  •lliptlcity  o'*  the  photons  reflected  froo  end  trensmltted  through  e layer  of  optical  thick- 
ness T.  Curves  are  given  for  \Iq  * 0.18817,  A 0,  and  4 - 90^ • 
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Fig.  9.  Downward  normalized  Interior  radiance  for  Uo  '*  0.85332  and  Uq  (single  scattering  albedo)  > 0.5 
for  various  values  of  t (optical  depth  within  medium  measured  from  upper  surface) . 
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Fig.  10.  Upward  normalized  Interior  radiance  for  Po  " 0.18817  and  cOq  ■ 0.5. 


Fig.  11.  Upward  nomallzed  Interior  radiance  for  uq  ~ 0.8  and  A • 0 (upper  curves)  and  A 0.15  (lower 
curves).  The  optical  thickness  t'  Is  aeasured  from  the  lower  surface  of  an  optically  deep  medium. 
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Fig.  12.  Transmitted  radiance  at  earth's  surface  for  real  atmoephers  su>de7 , ••  1 (sun  at  zenith), 

A • 0,  0.15,  and  0.9,  and  for  the  normal  aerosol  amount.  Curves  are  also  shown  for  the  radiance  due  to 
single  scattering  only. 
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Fig.  25.  Angular  distance  between  the  Brewster  point  and  the  solar  point  as  a function  of  the  solar 
elevation.  The  solid  and  dashed  curves  are  for  the  normal  and  one-third  normal  aerosol  auounts  In  the 
real  atmosphere  model. 
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Fig.  26.  Radiance  as  a function  of  zenith  angle  of  observation  for  Uq  - 0.85  (31.79°),  1 “ 0.46  pm, 
and  a clear  ocean  model.  As  a particular  curve  is  followed  from  left  to  right,  one  passes  the  solar 
horizon  (at  left  side),  critical  angle.  Incident  sun,  sun  In  ocean,  zenith,  antlsolar  horizon,  nadir, 
reflected  sun  (above  ocean  surface),  solar  horizon  (at  right  side).  The  left  half  of  the  figure  Is 
for  downwelllng  photons  and  the  right  half  la  for  upwelllng.  The  results  are  averaged  over  a range 
of  azimuthal  angles  30°  on  each  side  of  the  principal  plane  (0°  < < 30°  and  150°  < iji  < 180°). 
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Fig.  27.  Polarization  as  a function  of  p for  no  ■ 0.85,  0°  < ^ < 30  and  150°  < ^ < 180  , X “ 0.46  pm, 
and  clear  ocean  model. 
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Fig.  28.  Elllptlcity  as  a function  of  p for  Pj,  - 0.34  (70.12°),  0°  < * < 30°  and  150°  < ♦ < 180° 

(upper  curves)  and  60°  < < 90°  and  90°  < 4 < 120°  (lower  curves),  X « 0.46  pm,  and  clear  ocean  model. 
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RADIATIVE  TRANSFER  IN  CLOUDY  ATMOSPHERES 


K.  N.  Liou 

Department  of  Meteorology,  University  of  Utah 
Salt  Lake  City,  Utah  84112 


SUM4ARY 


Band-by-beind  calculations  have  been  carried  out  to  evaluate  the  reflection,  absorption  and  trans- 
mission of  solar  radiation  by  cloud  layers  and  model  cloudy  atmospheres  in  the  entire  solar  spectrun. 

The  radiation  transfer  program  is  based  on  the  discrete- ordinate  method  with  applications  to  inhomogeneous 
atmospheres.  ITie  gaseous  absorption  in  scattering  atmospheres  is  taken  into  account  by  means  of  exponen- 
tial fits  to  the  total  band  absorption  based  on  laboratory  measurements.  Tliick  clouds  such  as  nimbo- 
stratus  and  cumulonimbus  ’'eflect  80-901  and  absorb  10-201  of  the  solar  radiation  incident  upon  them.  The 
reflection  and  absorption  of  a fairweather  cumulus  with  a thickness  of  0.45  km  are  about  68-851  and  4-91, 
respectively.  A thin  stratus,  whose  thickness  is  0.1  km,  reflects  about  45-721  and  absorbs  about  1-6%  of 
the  solar  flux  incident  on  the  cloud  top.  The  reflection  of  a 0,6  km  thick  altostratus  is  about  57-77%, 
with  a higher  absorption  of  8-15%.  Comparisons  with  aircraft  observations  reveal  that  within  the  uncer- 
tainties of  the  thickness  and  cloud  particle  characteristics  theoretical  computations  yield  higher  reflec- 
tion and  lower  absorption  values  for  most  of  the  water  clouds.  These  comparisons  indicate  that  clouds  in 
the  atmosphere  are  likely  to  be  consisted  of  absorbing  aerosol  particles. 


1.  INTRODUCTION 


Clouds  occupy  regularly  over  about  50%  of  the  planet  earth.  They  absorb  and  scatter  the  incoming 
solar  radiation,  while  emitting  thermal  infrared  radiation  according  to  their  temperature.  The  transfer 
of  radiation  through  cloud  layers  depends  on  the  particle  phase,  concentration,  size  and  si.e  distribution, 
all  of  which  determine  the  properties  of  the  volume  single-scattering  albedo  and  phase  function.  In  addi- 
tion, the  cloud  thickness  is  also  a significant  parameter  whose  change  strongly  influences  the  absorption, 
reflection  and  transmission  of  radiation.  The  amount  of  energy  absoibed  and/or  emitted  represents  one  of 
the  prime  sources  determining  the  stability  of  cloud  layers  and  is  furtlier  associated  with  atmospheric 
motion. 

In  recent  years,  the  reflection  and  absorption  of  the  incident  solar  radiation  by  clouds  have  begun 
to  be  extensively  investigated.  Aircraft  measurements  revealed  that  clouds  may  absorb  as  much  as  20-40% 
of  solar  radiation  incident  upon  them  Isoe  e.g.,  Drummond  and  Hickey,  1971;  Reynolds,  et  al.,  1975). 
However,  the  mechanism  responsible  for  this  large  absorption  and  its  variability  are  mainly  lonknown.  It 
is  the  purpose  of  this  paper  to  investigate  frcwi  a theoretical  point  of  view  the  absoipition,  reflection 
and  transmission  of  solar  radiation  in  model  cloudy  atmospheres. 

A radiation  scheme  has  been  developed  by  which  the  absorption  of  water  vapor  it.  the  near  infrared 
regions  of  the  solar  spectrum  can  be  inserted  into  the  transfer  program  for  inhomogeneous  cloudy  atmos- 
pheres. The  incoiporation  of  water  vapor  absoi'ption  in  scattering  atmospheres  is  accomplished  by  a series 
of  the  exponential  fits  to  the  total  absorptivity  of  each  II2O  band  on  the’ basis  of  laboratory  measured 
data  (Howard,  et  al.,  1956).  For  the  fitting  purpose,  ’.ve  have  derived  a new  formula  for  the  total  absorp- 
tion of  water  %'apor  with  a new  parameter  representing  both  the  pressure  and  path  length,  so  tliat  fitting 
procedures  can  be  performed  once  and  for  all. 

Three- layer  model  atmospheres  are  constructed.  They  consist  of  cloudless  atmospheres  above  and 
below  a single  cloud  layer,  and  with  gaseous  absorption  in  all  three  layers  based  upon  representative 
model  atmospheres  suggested  by  McClatchey,  et  al.  (1972).  Clouds  are  classified  into  six  types  (London, 
1957;  Sasamori,  et  al.,  1972)  whose  base  heights  and  thicknesses  are  obtained  from  the  climatological 
data.  The  observed  particle-size  distribution  and  nunber  density  for  each  tyjJC  of  clouds  are  employed  to 
calculate  single- scattering  properties  of  cloud  particles  from  the  Mie  scattering  theory. 

■file  basic  transfer  method  is  based  on  the  discrete-ordinate  method  for  radiative  transfer  (Liou, 
1973)  with  further  applications  to  inhomogeneous  atmospheres  (Liou,  1975).  Band-by-band  calculations 
(Liou  and  Sasamori,  1975)  are  carried  out  for  the  absorption,  reflection  and  transmission  of  solar  radia- 
tion in  model  cloudy  atmospheres.  The  computed  reflection  and  absorption  of  the  incident  solar  radiation 
by  clouds  are  compared  with  those  obtained  by  aircraft  measurKnents  published  by  Drummond  and  Hickey 
(1971),  and  Reynolds,  et  al.  (1975), 


2.  MODEL  CLOUDY  AlMOSPimRES 


The  climatological  data  for  a tropical  atmosphere  tabulated  by  McClatchey,  et  al.  (1972)  is 
enployed  in  this  study.  The  parameters  include  the  height,  pressure,  temperature,  molecular  density,  and 
water  vapor  density  which  were  given  at  1 km  height  intervals  up  to  25  km  (Figure  1). 

Clouds  are  divided  into  six  types  whose  base  heights  zj,  and  thicknesses  Aze  are  given  in  Table  1. 
The  mean  temperatures  of  clouds  ^re  obtained  by  averaging  the  temperatures  of  the  cloud  top  and  base. 

From  the  mean  cloud  temperature  T,  the  vapor  pressure  e may  be  evaluated  based  on  saturated  conditions. 
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Furthermore,  from  the  equation  of  state,  the  water  vapor  density  within  s cloud  is 

P^=e/R^T,  (2.1) 

where  = 4.168  x 10®  erg  deg  ^ gm  And  the  water  vapor  path  length  is  given  by 

Au  = p Az  . (2.2) 

c (J  c 

We  tabulate  all  the  relevant  parameters  in  Table  1. 

The  observed  particle  size  distributions  for  fair  weather  cumulus  (Cu) , cimulonimbus  (Cb) , stratus 
(St),  and  nimbostratus  (Ns)  and  altostratus  (As)  are  based  on  the  observations  by  Battan  and  Roitan  (1957), 
Weickmann  and  aufm  Kampe  (1953) , Singleton  and  Smith  (1960) , and  Diem  (1948) , respectively.  The  number 
densities  N for  each  type  of  water  clouds  are  listed  in  the  last  column  of  Table  1.  The  wavelength  depend- 
ent real  and  imaginary  parts  of  the  refractive  indices  for  water  are  taken  from  values  tabulated  by  Irvine 
and  Pollack  (1968).  On  the  basis  of  the  above  information  Mie  scattering  computations  (see  e.g. , Liou  and 
Hansen,  1971)  may  be  made  to  obtain  the  volune  scattering  and  absorption  cross-sections  and  the  phase 
function. 

The  model  cloudy  atmosphere  is  considered  to  be  plane- parallel  with  variations  only  in  the  vertical 
direction.  It  is  further  divided  into  several  sub- layers  according  to  the  cloud  location.  With  all  this 
information,  analyses  and  confutations  for  the  absorption  and  scattering  processes  in  model  cloudy  atmos- 
pheres may  be  carried  out. 


Table  1.  CLOUD  PARAMETERS 

Cloud  Types  Z| 

^(km)  Az^(km) 

T(°K) 

e(mb) 

. 2 

u(gm  cm  ) 

N(an'^) 

Lew  cloud  (Cu,  Sc) 

1.7 

0.45 

288 

17.044 

0.577 

300 

Middle  cloud  (As,  Ac) 

4.2 

0.6 

274 

6.566 

0.311 

450 

High  cloud  (Ci,  Cs,  Cc) 

4.6 

1.7 

234 

0.144 

0.023 

0.1 

Nimbostratus  (Ns) 

1.4 

4.0 

280 

10.013 

3.098 

330 

Cumulonimbus  (Cb) 

!•? 

6.0 

270 

4.898 

2.357 

75 

Stratus  (St) 

1.4 

0,1 

291 

20.630 

0.154 

178 

3.  ABSORPTION  AND  SCATTERING  PROPERTIES  OF  GASES  AND  CLOUD  PARTICLES 

3. 1 Water  Vapor  Absorption 

Laboratory  measurements  of  the  total  absorption  for  water  vapor  bands  at  6.3,  3.2,  2.7,  1.87,  1.38, 

1.1  and  0.94  um  under  simulated  atmospheric  conditions  were  performed  by  Howard,  et  al.  i'1956) . Two  enpiri- 
cal  formulas  were  derived  for  small  and  large  total  absorption,  respectively,  as  follows; 


A = / A dv 


c (P  + e)*'  for  A < A^, 

C + D log  u + K log  (P  + e)  for  A > A^. 


In  the  above  equation,  v represents  wavenumber  (cm  ^),  A the  band  area  in  wavenumber  (an  ),  Ay  the  frac- 
tional absorption  within  band  at  v,  u the  absorbing  path  (gm  cm'2  for  H2O;  cm  atm  for  COj) , e the  partial 
pressure  of  absorption  gases  (mm  Hg) , P the  partial  pressure  of  non-absorbing  gas  (inn  HgJ,  Ac  the  critical 
band  area  above  which  the  strong  band  expression  becomes  applicable  and  c,  k,  C,  D,  and  K are  enpirically 
determined  constants. 

For  the  convenience  of  incorporating  the  gaseous  absorption  into  scattering  atniospheres,  a modified 
formula  is  derived  from  the  above  absorption  formulas  such  that  a smooth  absorption  curve  for  every  value 
of  water  vapor  path  length  can  be  obtained.  Tltis  formula  is  given  by 


' 2^  [C  + D log,Q  (x  + X )] , 


I 


where 
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u P 


,K/D 


■ It 
o 


■C/D 


(3.3) 

(3.4) 


Vto  then  fit  the  total  absorption  for  each  band  by  a serie  of  expcniential  functions  as  follows: 


(3.5) 


vdiere  and  l(m  are  band  parameters  indepergdent  of  atmospheric  conditions,  and  M is  the  total  mmix^r  of 
sub-intervals  for  each  band.  Ihe  determination  of  equivalent  absorption  coefficients  kn  similar  to  Equa- 
tion (3.5)  has  been  previously  noted  by  Yamamoto,  et  al.  (1971),  Houghton  and  Hunt  (1971),  Liou  (1974) 
and  Latsis  aitd  Hansen  (1974).  Values  of  and  1^  by  five-term  exponential  fits  were  given  by  Liou  and 
Sasamori  (1975). 


After  and  are  derived,  the  optical  depths  of  water  vapor  for  each  band  and  for  t atmospheric 
layer  are  given  by 


where 


and 


kjji  AXjj,  m - 1,  2,  ...,  M, 

(3.6) 

. u - u P*^ 

L “f‘l  » 

(3.7) 

- / P du  / / du, 

(3.8) 

o 0 


rdrere  Pj,  denotes  an  effective  pressure  of  the  atmosphere  above  the  level  1.  This  e:pression  places  all 
the  absorption  matter  along  a pressure  gradient  at  one  pressure  Fji.  In  the  above  analyses,  the  so-called 
C-G  two-parameter  approximation  (Curtis,  1952;  Godson,  1954)  is  applied  to  account  for  the  effect  of  pres- 
sure dependence  of  absorption  in  an  inhomogeneous  atmosphere. 

3.2  Single  Scattering  by  Molecules 

D 

The  Rayleigh  scattering  optical  depth  for  a given  wavelength  X and  a thickness  of  may  be 
obtained  from 


At^(X)  = a'^(X)  / N(z)  dz  , 


(3.9) 


P 

vhere  o (X)  represents  the  Rayleigh  scattering  cross-section,  and  N(z)  is  the  nunher  of  molecules  per  unit 
volume  at  a given  height  z. 


Furthermore,  the  normalized  phase  function  for  Rayleigh  scattering  is  sinply 


P'’(0)  - I (1  ♦ cos^e) 


(3.10) 


with  0 being  the  scattering  angle. 

3.3  Single  Scattering  by  Cloud  Particles 

Clouds  are  composed  of  particles  which  are  nwch  larger  than  the  incident  wavelength  in  the  solar 
spectrum.  Consequently  the  dipole  mode  for  scattering  is  no  longer  valid.  For  spherical  water  drOTs, 
single  scattering  properties  may  be  described  by  the  exact  Mie  solution.  However,  knowledge  of  li^t 
scattering  by  non-spherical  ice  crystals  is  extremely  limited.  No  attempt  is  made  here  to  discuss  prob- 
lems of  non-sphericity  on  the  scattered  radiation  of  clouds.  Tlius,  we  shall  assime  that  all  clouds  to  be 
considered  are  consisted  of  spherical  particles  for  the  convenience  of  discussions  in  this  work.  Informa- 
tion of  cloud  typ)es,  cloud  heights  and  cloud  thicknesses  based  on  climatological  data  have  been  discussed 
in  the  section  cn  m^el  atmospbrres.  In  that  section,  we  also  discuss  the  size  distribution  and  ntnfcer 
density  for  each  cloud  type,  along  with  the  real  and  imaginary  parts  of  the  refractive  indices  for  both 
ice  and  water  in  the  solar  spectnin.  With  all  this  information,  we  may  calculate  'che  phase  function  and 
the  scattering  and  absorption  cross-sections  of  cloud  particles. 

The  optical  depths  due  to  the  scattering  and  absorption  of  cloud  particles  are  given  by 

Atg  „ “ Az  / o”  (X,r)  n(r)  dr. 


(3.11) 
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Mhere  Aic  is  the  thickness  of  a cloud,  and  represent,  respectively,  the  scattering  and  absorption 
cross-sections  of  a cloud  particle  with  radius  of  r,  the  values  of  which  also  depend  on  the  refractive 
index  and  n(r)  dr  denotes  the  lumbers  of  cloud  particles  per  unit  volune  within  the  siie  range  of  dr.  The 
normalized  ^tie  phase  functions  I”(0)  of  a fair  weather  cunulus  for  wavelengths  in  the  solar  spectrun  are 
shown  in  Figure  2.  Calculations  have  also  been  made  for  other  cloud  types  discussed  previously. 

Furthermore,  the  density  of  water  vtqwr  within  a cloud  may  be  estimated  from  the  mean  cloud  tem- 
perature (based  on  the  tenperature  of  the  nxxlel  atmosphere)  assiming  saturated  conditions.  The  water  vapor 
path  leng^  is  given  in  Equation  (2.2). 

3.4  Parameters  for  Single  Scattering 

With  all  the  above  information  of  the  absorption  and  scattering  properties  of  gases  and  cloud  par- 
ticle, we  may  define  the  single  scattering  albedo,  the  phase  function  and  the  total  optical  depth,  respec- 
tively, for  a volume  of  cloud  particles  a^  molecules  unifotmly  mixed  at  a given  layer  I as 


+ At” 
s 


° (At*^  + At^)  + (AT^  ♦ Ax^)  ’ 


(3.12) 


P(Q) 


At”  p”(0)  ♦ At*^  p'^(0) 


At”  + At^ 
s 


(3.13) 


, ,_M 
s 


At„  ■ At*'  + At‘1‘  + At”  + Ax^^ 


(3.14) 


M M 

For  a layer  of  no  cloud  particles,  we  note  that  At^  « At^  * 0. 


RADIATIYP 


us  ATMOSPHERES 


The  ^propriatc  equation  describing  the  diffuse  solar  radiation  field  when  the  vertical  distribution 
of  fluxes  is  considered  may  be  written  as 


^ dI(Tjy).  , J(t,y)  , 


(4.1) 


where  the  source  function  for  solar  radiation 


■J(T,U) 


I 

i / P(T;y,y')  I(t,u')  du' 
^ -1 


jFoP(t;w.Wo)  exp(-T/Wjj)  . 


(4.2) 


In  Equation  (4.1),  Uo(i)  denotes  the  single  scattering  albedo  either  for  Rayleigh  and/or  Mie  layer,  1 the 
intensity,  t the  optical  depth,  Fq  the  solar  flux,  and  u and  the  cosine  of  the  emergent  and  solar  zenith 
angles,  respectively. 

The  model  atmosphere  is  divided  into  several  sii>- layers  within  which  the  phase  function  and  single 
scattering  albedo  are  constants  with  respect  to  the  optical  depth  t.  We  may  then  carry  out  confutations 
for  single  scattering  properties  as  discussed  in  the  previous  sections.  After  phase  functions  for  each 
layer  are  obtained,  they  are  expanded  in  Legendre  polynomials  as 


N 

PtTjj’.U.u')  - ^ ijjj  Pj^(m)  P|^(^*')  . ^ “ 1,2,. ..,N  . (4.3) 


where  can  be  determined  by 


2k  ♦ 1 } 

— 2 — > 
-1 


P(u)  p^(u)  dy  . 


(4.4) 


On  the  basis  of  the  discrete-ordinate  method  for  radiative  transfer  for  homogeneous  layers  developed 
by  Liou  (1973),  the  solution  of  the  above  transfer  equation  for  8,  sub-layer  may  be  written  as 
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“ ;I  Lj  e^(-kjT)  + Z*(up  expC-x/u^j), 

j“-n  ^ 


i - -n,n, 


t-0,l,...,N,  (4.5) 


where  9$(ui)  and  kj  represent  the  eigenfunction  and  eigenvalue  of  the  solution,  respectively,  2*’(Hj)  is 
associate  with  the  solar  flux,  the  solar  zenith  angle  and  the  H- function  (Chandrasekhar,  1950),  ai^  Lj 
are  constants  of  proportionality  to  be  determined  by  the  following  simultaneous  equations. 

At  the  top  of  the  atmosphere  (t  ■ 0)  there  is  no  diffuse  intensity  so  that 


■ 0 for  f ■ l.n  . 


(4.6) 


On  the  interface  of  each  hoinogeiieous  layer,  we  have 


I^Xjj.Ui)  " for  i - -n,  n,  0 < t < N , (4.7) 


\diere  denotes  tho  <^tical  depth  from  the  top  of  the  atmosphere  to  the  bottom  of  the  t layer.  At  the 
bottom  of  the  atmosphere,  assiining  an  Isotropic  ground  reflection  A^,  we  have 

l’^(Xf,,iii)  - ~ (P^(V  ^o  ’'*^0 

where 


(4.9) 


In  Equation  (4.8)  a^  is  the  (Russian  weight.  Equations  (4.6),  (4.7)  and  (4.8)  contain  N x 2n  equations 
for  the  determination  of  N x 2n  ^ coefficients  simultaneously.  After  obtaining  Lj , the  intensity  within 
each  layer  may  then  be  computed  from  Equation  U*5). 

Finally,  the  upward  and  downward  fluxes  for  aiy  given  t within  each  layer  are 


F^(tJ  - 2tt  I I(x,p.)  a.  u.  , (4.10) 

i-1  111 


+ n 

H (t)  “ -2tt  I(T,-M^)  a^  nF^  exp(-T/u^) 


(4.11) 


The  net  flux  is  therefore 

F(t)  • F^(t)  + F*(t).  (4.12) 

5.  DEFINITIONS  OF  THE  RADIATIVE  PROPERTIES  OF  ATMOSPHERES  AND  CLOUDS 


The  radiation  scheme  described  above  deals  with  the  transfer  of  radiation  in  an  absorp'';ion  band 
which  is  divided  into  several  sub-spectral  regions.  To  obtain  the  reflection  (local  albedo)  and  absorption 
of  the  atmosphere  or  the  cloud  for  the  entire  solar  spectnsn,  proper  suwnation  over  the  fluxes  in  each  sub- 
spectral  legion  weighed  by  the  ^jprcpriate  percentage  of  solar  flux  is  reouired. 

5.1  Entire  Atmospheres 

The  reflection  y may  be  defined  as  the  ratio  of  the  reflected  flux  at  the  top  of  the  atmosphere  to 
the  incident  solar  flux  perpendicular  to  the  stratification  of  the  atmosphere.  Thus,  for  each  spectral 
band 


'l  i <«  v«o 
(■■I  ™ ! "o 


for  H2O  bands. 


otherwise , 


(5.1) 


where  f^,^^ 


denotes  the  amount  of  solar  flux  in  the  i's  spectral  band,  and  m is  the  number  of  the  sub-band 
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interval  accoidiug  to  the  eiqxinential  fit  described  in  Section  3.1. 

The  reflection  of  the  earth- atmospheric  system  for  the  entire  solar  spectrun  is  to  be  evaluated  by 
sunning  all  the  spectral  reflection  weighed  by  the  appropria:e  percentage  of  the  solar  flux  within  each 
band  interval  as 


y 


/ 


(5.2) 


where  is  the  solar  constant. 

In  addition  to  the  reflection,  it  is  equally  iaportant  to  study  the  total  absorption  within  the 
atmosphere  due  to  both  water  vapor  and  cloud  particles.  Its  value  may  be  obtained  by  the  net  flux  diver- 
gence at  the  top  and  bottom  of  the  atmosphere.  For  i's  absorption  spectral  interval  we  have 

' *'m  V»^o  ^AX. 

Fj  (0))  / Uq  otherwise.  (5.3) 

due  to  solar  radiation  is,  therefore 
“ ■ J “i  ^AA.  ^ ®o  • 

5.2  Cloud  Layers 

Similar  to  the  above  definitions,  the  reflection  (or  local  albedo)  of  a cloud  layer  may  be  defined 
as  the  ratio  of  the  reflected  flux  to  the  incident  solar  flux  normal  to  the  cloud  top.  Hence,  the  reflec- 
tion for  each  spectral  band 

I (^t>  ''m  / I 4 «20 

m m *" 

pt  (T^)  / Ft  (tj.)  otherwise.  (5.5) 


where  x denotes  the  optical  depth  at  the  cloud  top.  The  reflection  of  a cloud  layer  for  the  entire  solar 
spectrum  is  given  by 


JIF.  (V 

Tfl 

[Fi  (T^)  - 


The  total  absorption  within  the  atmosphere 


I 'I 'm,  ! \ 


15.6) 


Moreover,  the  absorption  of  solar 
divergence  at  the  top  and  bottom  of  that 


flux  within  a cloud  layer  can  be  evaluated  from  the  net  flux 
cloud,  lor  each  spectral  band,  it  is  defined  as 


I ("t^  ■ «m  / I "2° 

m m 

[Fj  (Xj.)  - Fj  {t,^)J  / pt  (x^  otherwise.  (5.7) 


where  x.  denotes  the  optical  depth  at  the  cloud  base.  The  total  absorption  within  a cloud  layer  for  the 
entire  solar  spectmn  is,  therefore 


* I “i  ^AX,  / 


(5.8) 


6.  RESULTS 


6.1  Theoretical  Calculations 

The  inhomogeneous  cloudy  atmosphere  is  divided  into  three  layers  consisting  of  cloudless  atmospheres 
above  and  belcw  a single  cloud  layer.  Each  layer  is  considered  to  be  homogeneous  with  respect  to  the 
single- scattering  albedo  and  the  phase  function  defined  in  sub- section  3.4.  The  spectral  solar  flux  at 
the  top  of  the  atmosphere  is  taken  from  the  table  in  Astrophysical  Quantities  (Allen,  1963,  p.  272). 
Band-by-band  calculations  are  carried  out  for  the  transfer  of  solar  radiation  in  inhomogeneous  cloudy 
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atmospheres  based  on  the  discrete-ordinate  method  for  radiative  transfer.  Hie  final  resulting  absorption, 
reflection  and  transmission  for  tie  cloud  layer  and  the  entire  atmosphere  are  obtained  according  to  the 
formulas  defined  in  Section  5.  have  chosen  a surface  albedo  of  0.1  in  the  calculations. 

Figure  3 shows  the  absorption  and  reflection  of  solar  radiation  as  functions  of  the  cosine  of  the 
solar  zenith  angle  for  five  cloud  types.  Hie  absorption  and  reflection  are  normalized  with  respect  to 
the  downi/ard  flux  at  the  cloud  top.  Owing  to  the  large  geometrical  thickness  and  broad  particle  spectrun, 
the  cloud-particle  optical  depths  of  the  nimbostratus  and  cumulonimbus  at  a visible  wavelength  of  0.5  urn 
are  about  500  and  700,  respectively.  In  order  to  carry  out  the  transfer  calculations  including  water 
vapor  absorption,  a reduction  of  the  cloud-particle  optical  depth  to  a value  of  250  was  made.  Because  the 
optical  depths  of  Ns  and  Cb  are  modified  to  a similar  value,  and  because  their  geometrical  locations  in 
the  atmosphere  are  approximately  the  same,  the  differences  in  the  resulting  radiation  parameters  are 
found  negligibly  small.  We  have  performed  two  additional  calculations  enploying  optical  depths  of  200  and 
ISO  to  check  the  possible  errors  in  reducing  the  c^tical  depth.  Ife  have  found  that  the  changes  in  the 
values  of  reflection  and  absorption  for  the  three  cases  considered  (i.e.,  optical  depths  of  250,  200  and 
ISO)  are  within  about  II  and  31,  respectively.  Thus,  the  reflection  and  absorption  presented  in  Figure  3 

for  Ns  and  Cb  are  believed  to  be  reliable  to  within  about  51.  ''alues  of  the  cloud  reflection  illustrate 

that  Ns  and  Cb  reflect  about  80  to  901  of  the  solar  flux  incident  ipon  them.  The  scattering  of  cloud 
particles  obviously  is  responsible  for  the  large  reflection.  The  corresponding  absorption  within  these 
clouds  indicates  a value  of  about  201  when  the  sun  is  overhead.  Absoiption  of  solar  radiation  by  both 
water  vapor  and  cloud  particles  in  the  near  infrared  is  responsible  for  the  cloud  absorption. 

Although  the  geometrical  thickness  of  the  cimiulus  used  in  this  study  is  only  about  0.5  km,  large 
reflection  values  ranging  from  68  to  85%  are  obtained.  About  9%  of  the  solar  flux  incident  upon  it  is 
absorbed  when  the  sun  is  overhead.  The  reflection  and  absorption  values  for  a stratus,  whose  geometrical 

thickness  is  0.1  km,  are  from  45  to  721  and  from  1 to  61,  respectively.  Altostratus  reflects  about  57  to 

771  of  the  solar  flux.  These  values  are  somevdiere  in  between  those  of  Cu  and  St.  On  the  other  hand, 
however,  the  absorption  of  solar  flux  by  As  is  greater  than  that  by  Cu  and  St  with  values  ranging  frcm  8 
to  151.  The  larger  absorption,  vdiich  takes  place  in  the  middle  cloud,  is  primarily  due  to  its  higher 
appearance  in  the  atmosphere.  In  this  case,  since  the  concentration  of  water  vapor  above  the  cloud  is 
relatively  small,  a large  portion  of  solar  flux  penetrates  the  atmosphere  and  is  absorbed  by  the  cloud. 
This  evidence  indicates  that  the  cloud  location  in  the  atmosphere  is  important  as  to  the  absorption  of 
solar  radiation  energy  in  the  c’oud  layer. 

The  total  absorpti  a and  reflection  for  the  entire  cloudy  atmospheres  are  shown  in  Figure  4.  For 
the  Cu  case,  the  total  atmospheric  absorption  is  about  241  when  the  sun  is  overhead,  and  351  when  the  sun 
is  close  to  the  horizon.  As  for  the  As  case,  it  is  interesting  to  note  that  as  compared  with  the  Cu  case 
larger  absorption  occurs  when  the  sun  is  near  the  zenith,  while  smaller  absorption  takes  place  when  the 
sur  is  close  to  the  uorizon.  Values  of  the  reflection  at  the  top  of  the  atmosphere  containing  Cu,  St  and 
As  clouds  are  smaller  as  compared  to  those  of  the  clouds  alone,  because  rinre  solar  flux  is  absorbed  in 
the  atmosphere  above  and  below  the  cloud  layer.  As  for  the  Ns  and  Cb  cases,  since  clouds  dominate  the 
radiation  processes,  values  of  the  reflection  and  absorption  for  cloud)’  atmospheres  are  about  the  same 
with  and  without  considering  the  atmosphere  above  and  below  the  cloud  layer. 

Figure  ^ presents  the  total  transmission,  vdrich  includes  the  direct  as  wel.l  as  diffuse  conponents, 
at  the  bottom  of  the  atmosphere.  Only  about  1 to  31  of  the  solar  flux  can  penetrate  the  atmosphere  con- 
taining Ns  and  Cb  clc  ids.  When  the  sun  is  overhead,  values  of  tiie  transmission  for  Cu,  St  and  As  atmos- 
pheres arc  about  20,  27  and  45? , respectively.  The  transrJ.ssion  values  decrease  v4ien  the  sun  moves  toward 
the  horizon.  H . transmitted  solar  fl’uc  represent."  one  of  the  itpoi-ant  energy  sources  available  to  the 
earth's  surf  ice 

6.2  Comparison  -with  Observations 

Aircraft  iw  a."urements  of  the  reflection  and  absorption  of  solar  radiation  by  cloud  layers  were 
reported  by  Reynolds  et  al.  (,^975)  ard  Drunmond  and  Hickey  (1971).  These  observations  were  made  when 
solar  ele’.ation  ajigles  were  greater  th^i  60”  (i.e.,  u > 0.856).  We  tabulate  in  Table  2 the  observed 
reflection  md  absorption  for  vari,  js  cloud  t)^s,  along  with  the  present  theoretical  values. 


Table  2.  OBSERVED  AND  CCMFVTED  REFLECTION  (y*^)  AND  ABS0RPTIO4  (a*^) 
OF  SOLAR  RADIATION  PC«  VAPTOUS  CLOUD  TYPES 


Drunnond  and 

Reynolds,  Vonder  Haar 

Liou 

Hickey 

and  Cox 

(Xo-1) 

St, 

Cu 

47-56% 

37-421 

45-67% 

— 

12-361 

6-9% 

As, 

Ac 

y" 

40% 

... 

56% 

151 

— 

15% 

Cb, 

Ns 

y" 

66% 

78% 

— 

31% 

19% 

Ci, 

Cs 

y" 

20% 

47-59% 

... 

0^= 

13-14% 

— 
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Before  examining  the  values  presented  In  Table  2,  It  should  be  enqihaslzed  that  the  theoretical 
calculations  employ  the  cloud  thicloiesses  and  locations  presented  in  Figure  1,  While  the  observed  data 
r>rovldes  no  Infoimation  on  them.  Vfe  have  not  been  able  to  carry  out  the  transfer  calculations  for  cirrus 
clouds  because  the  infoimation  on  the  single-scattering  properties  of  non-spherical  ice  crystals  in  the 
solar  spectnm  are  still  lacking.  Qualitatively  we  find  that  the  ccn^mted  reflection  and  absorption 
values  are  generally  hi^er  and  smaller,  respectively,  than  those  obtained  from  aircraft  measurement.  The 
reasons  for  these  discrepancies  may  be  caused  by  (1)  the  uncertainties  in  the  observations  and  definitions 
on  the  fluxes  at  the  top  and  bottom  of  cloud  layers,  (2)  the  differences  in  the  geometrical  depth,  particle 
size  and  concentration  between  calculations  rjid  obs«;rvations , and  (3)  the  possible  existence  of  absorbing 
aerosol  particles  in  the  clcud  layer  (IWomey,  1972).  Points  (1)  and  (2)  may  be  solved  if  a careful  and 
conprehenslve  field  experiment  including  cloud  physics  measurements  is  undertaken.  However,  point  (3) 
inquire'  the  kncMledge  of  the  refractive  indices  for  aerosols  in  the  entiin  solar  spectnan  and  the  con- 
centration end  sizes  of  aerosols  that  may  exist  in  the  cloud  layer. 


7.  CONCLUSIONS 


A radiation  scheme  has  been  developed  by  which  the  absorption  of  water  vapor  and  carbon  dioxide  in 
the  near  infrared  regions  of  the  solar  spectnm  can  be  incorporated  into  the  transfer  program  for  inhomo- 
geneous cloudy  atmospheres.  The  incorporation  of  gaseous  absorption  in  scattering  atmospheres  is  accom- 
plished by  a series  of  eiqionential  fits  to  the  total  absoiption  based  on  laboratory  measurements.  A new 
enpirical  formula  for  the  total  absorption  of  water  vapor  has  been  derived  with  a new  parameter  repre- 
senting both  the  pressure  and  path  length,  so  that  fitting  procedures  can  be  performed  once  and  for  all. 

Band-by-band  calculations  have  been  carried  out  to  evaluate  the  reflection,  absorption  and  trans- 
mission of  the  cloud  layer  and  the  model  cloudy  atmosphere  in  the  entire  solar  spectrum.  The  reflected 
solar  fluxes  at  the  top  of  the  atmospheres  containing  cimulus,  stratus  and  altostratus  are  found  to  be 
smaller  than  those  of  the  clouds  alone,  owing  to  the  additional  absorption  by  the  gases  above  and  below 
the  cloud  layer. 

Thick  clouds  such  as  nimbostratus  and  ctmulonindjus  reflect  80-90%  and  absorb  10-20%  of  the  solar 
flux  incident  upon  them.  Effects  of  the  atmospheres  above  and  below  them  are  shown  to  be  fairly  small. 

The  reflection  of  a fair  weatimr  omulus  with  a thickness  0.4b  km  is  found  to  be  about  68-85%,  but  its 
absorption  is  only  about  4-9%.  A thin  stratus  whose  thi'*’  .;ss  is  0.1  km  reflects  about  45-72%  a^  absorbs 
about  1-6%  of  the  solar  flux  Incident  on  the  cloud  top.  Reflection  of  a 0.6  km  thick  middle  cloud  is 
about  57  to  77%.  Because  its  higher  location  in  the  atmosphere,  higher  absorpti''n  of  about  8 to  15%  is 
obtained.  On  the  basis  of  these  calculations,  it  is  evident  that  the  location  of  the  cloud  in  the  atmos- 
phere is  important  as  to  the  cloud  absorption.  Comparisons  with  aircraft  observations  reveal  that  within 
the  uncertainties  of  the  thickness  aivd  cloud  particle  characteristics  theoretical  calculations  yield 
higher  reflection  and  lower  absorption  values  for  most  of  tlie  water  clouds. 
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Figure  1.  Model  cloudy  atmospheres  employed  in  this  study.  The  tenperature,  water  vipor  density  and 

molecular  concentration  profiles  ar-e  for  a mean  tropical  atmosphere.  The  climatological  base 
heights  and  thicknesses  of  six  cloud  types  are  shown  in  the  right-hand  side. 


Figure  2.  Normalized  phase  functions  of  a fair  weather  cuntlus  as  functions  of  the  scattering  angle  for 
various  wavelengths  in  the  solar  spectrum. 
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SUmAflY  • 

Certain  simple  procedures  for  solving  radiative  transfer  problems  in  planetar-  atmospheres  are 
reviewed:  the  similarity  relations  relating  isotropic  to  anisotropic  scattering,  i ..iptotic  results 

relating  known  solutions  lor  semi-infinite  layers  to  desired  solutions  for  optical  depths  x » 1,  and 
expansions  relating  known  solutions  for  conservative  scattering  to  desired  solutions  for  the  nearly  con- 
servative case.  The  complications  introduced  by  atmospheric  inhomogeneity,  surface  reflection,  and 
spectral  features  are  also  discussed. 

1.  INTRODUCTION 

Radiative  transfer  problems  in  planetary  atmospheres  may  conveniently  be  referred  to  as  multiple 
scattering  problems,  provided  that  the  wavelength  being  considered  is  short  enough  that  thermal  emission 
by  the  atmosphere  is  not  important,  or  that  the  thermal  emission  profile  of  the  atmosphere  is  taken  as 
known.  The  sources  of  radiation  then  have  known  properties,  and  the  atmospheric  radiation  field  results 
from  multiple  scattering  and  absorption  of  photons  emitted  by  these  sources. 

The  principal  difficiilties  in  solving  such  problems  arise  first,  from  the  frequently  highly  aniso- 
tropic nature  of  the  individual  scattering  processes  and  the  resultant  mathematical  complexity  of 
multiple  scattering,  and  second,  from  the  possible  presence  of  atmospheric  and  siirface  Inhomogeneltles . 
There  have  been  several  recent  reviews  discussing  the  solution  of  multiple  scattering  problems  in 
planetary  atmospheres  (Hunt,  1971  i van  deHulst,  1971;  Sobolev,  1972;  Irvine  and  Lenoble,  1974;  Lenoble, 
1974;  Hansen  and  Travis,  1974;  Irvine,  1975),  so  that  I shall  assume  a knowledge  of  the  relevant  termi- 
nology and  the  basic  theory.  It  appears  in  addition  that  other  speakers  at  this  conference  will  cover 
most  of  the  present  state  of  knowledge  concerning  numerical  solution  of  multiple  scattering  problems  in 
typical  cloudy  or  hazy  atmospheres  that  are  plane-parallel  and  (somewhat'  homogeneous,  as  well  as  the 
inverse  problem  of  deducing  the  properties  of  an  atmosphere  from  observa.ions  of  the  radiation  field.  I 
shall  therefore  concentrate  on  certain  approximate  procedures  which  are  fast  and  convenient,  on  methods 
for  extrapolating  from  known  results,  and  on  deviations  from  the  "standard"  homogeneous,  plane-parallel 
problem.  For  convenience,  the  discussion  will  be  mostly  restricted  to  the  scalar  transfer  problem,  so 
that  polarization  may  be  neglected.  The  resultant  intensities  will  normally  be  accui-ate  to  a few  percent, 
which  is  generally  sufficient,  given  our  imprecise  knowledge  of  actual  atmospheric  properties  in  most 
circumsteuices. 

I shall  use  astrophysical  terminology,  and  thus  refer  to  intensity  (I)  rather  than  radiance  and  to 
flux  rather  than  irradiance.  Initially  attention  will  be  restricted  to  homogeneous,  plane-parallel 
atmospheres. 

2.  SIMILARITY  RELATIONS 

The  equation  of  radiative  transfer  which  determines  the  radiation  field  is  for  a plane-parallel 
atmosphere 

W = - I(t,  II)  + B(x,  £1)  , (1) 

where  T ir  the  vertical  optical  depth,  £5  = (arocos  p,  $)  symbolizes  the  dependence  on  a polar  and  ein 
azimuthal  angle,  and  the  function  B describes  the  sources  of  radiation  in  an  elemental  voltane  of  the 
atmosphere.  Thus,  if  atmospheric  thermal  emission  may  be  neglected  relative  to  solar  radiation  and  if 
the  latter  is  approximated  as  a parallel  beam  (almost  always  appropriate;  cf . , however,  Irvine,  1975), 
the  source  function  takes  the  form 


B(x,  fi)  = 1~  / d£2'p(£J,  n’)  I(x,  n’)  + p(£l,  £3^) 

4it 


where  Gio  is  the  single  scattering  albedo  (ratio  of  scattering  to  scattering  plus  absorption  coefficients), 
p(£i,  £3')  is  the  phase  function  (scattering  diagram),  solar  radiation  is  incident  in  a direction  £3q  = 
(arccos  Pq,  ({i  = O)  with  flux  it  F through  a surface  normal  to  that  direction,  and  fd£3'  denotes  integra- 
tion over  all  directions.  All  of  the  quantities  I,  B,  x,  ioo,  F,  and  p are  functions  of  wavelength,  so 
that  equations  (l)  and  (2)  refer  to  monochromatic  radiation. 

When  p 2 1,  the  single  scattering  is  isotropic • and  the  solution  to  equation  (l)  has  been  tabulat- 
ed in  terms  of  the  so-called  H functions  (for  semi-infinite  atmospheres)  or  X and  Y functions  (for 
atmospheres  with  finite  optical  thickness  Xq).  A listing  of  such  tables  is  contained  in  Irvine  and 
Lenoble  (1974),  Lenoble  (1974^  and  Irvine  (l975).  It  would  obviously  be  a great  simplification  in 
planetary  scattering  if  the  solution  for  a given  euxisotropic  phase  function  could  be  reduced  to  the  known 
solution  for  isotropic  scattering.  We  would  expect  that  such  a treinsformation  might  exist  provided  tliat 
the  radiation  field  has  been  "smoothed"  by  a large  percentage  of  multiple  scattering  and/or  by  integra- 
tion over  angle.  Such  "smoothing"  ia  necessary  to  remove  the  sharp  maxima  and  minima  which  are  present 
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In  the  primary  acattered  radiation  If  the  phase  function  Is  highly  anisotropic.  Obviously  no  Information 
concerning  the  azimuthal  dependence  of  the  radiation  field  can  be  obtained  from  such  a comparison,  since 
for  isotropic  scattering  the  intensity  is  Independent  of  azimuth. 

Such  similarity  relations  have  been  used  for  some  time  in  neutron  transport  theory  (cf.  Davison, 
1958).  It  may  be  shown  that  the  solution  to  a given  transport  problem  for  a single  scattering  albedo 
and  optical  thickness  Tq  will  be  "similar"  (may  be  approximated  by)  the  solution  to  the  same  problem  for 
isotropic  scattering  and  an  albedo  big  and  optical  thickness  rg,  where 

(1  - g)S 


(1  - gSi^)T^  . 


and  g Is  the  asymietry  factor 


1 ^ 

8 = p / du  y p(y)  , 


which  characterizes  the  anisotropy  of  the  phase  function.  The  normalization  of  p requires  that 
- 1 ^ g £ 1,  with  isotropic  scattering  corresponding  to  g •=  0.  Van  de  Hulst  has  expressed  the  similarity 
relations  in  the  form 

k*T*  “ kT  (6) 


where  k is  the  Inverse  diffusion  length,  which  is  determined  by  solving  the  "characteristic  equation"  for 
a given  phase  function.  It  is  the  smallest  discrete  eigenvalue  of  the  transfer  equation,  so  that  deep 
within  a homogeneous  medium  illuminated  from  outside  the  radiation  field  decays  as  e"*^'^.  For  isotropic 
scattering 


-aF  ^ • 


while  Figure  1 presents  curves  relating  b)^,  k,  and  g for  the  case  of  the  Henyey-Greenstein  phase  function 

p(coby)  = (1  - g^)/(l  + - 2g  coby)^^^  . (9) 

Equation  (9  ) is  a convenient  phase  function  for  modeling  purposes,  since  it  may  be  varied  from  purely 
forward  scattering  (g  = 1)  to  purely  backward  scattering  (g  = -1)  by  changing  Just  the  one  parameter  g. 
The  similarity  relations  suggest  that  the  curves  in  Figure  1 will  apply  quite  closely  to  any  phase 
function  with  the  same  g = <cosy>  . For  the  most  interesting  case  of  (l  - bio)  1,  equations  (6)  and 
(7)  reduce  to  equations  (3)  and  {k)  (of.  Sobolev,  1972,  Ch.  VIII). 

The  validity  of  the  relations  (6)  and  (7)  for  determining  the  profile  of  absorption  lines  formed 
in  a scattering  and  absorbing  atmosphere  has  been  studied  by  Hansen  (1969),  who  finds  good  agreement  for 
thick  atmospheres  with  the  exact  theoretical  results  except  for  large  angles  of  incidence  of  the  solar 
radiation.  The  validity  for  integrated  quantities  such  as  the  albedo  is  even  more  striking  (van  de  Hulst 
and  Grossman,  I968).  Let  us  consider  the  details  of  such  computations. 


2.1.  Albedos  of  Semi-Infinite  Atmospheres 

In  this  case  the  properties  of  any  underlying  surface  can  be  ignored.  It  is  important  to  point 
out,  however,  under  what  conditions  an  actual  atmosphere  may  be  considered  to  be  semi-infinite.  If  the 
atmosphere  is  weakly  absorbing,  in  the  sense  that  [3(1  - fio)(i  ~ g)]^'^  « 1,  the  atmospheric  reflec- 

tion will  be  identical  to  that  of  a semi-infinite  atmosphere  to  0([3(l  - g)To)"^).  In  contrast,  when 
kT  » 1,  the  departure  from  the  semi-infinite  condition  is  0(e"2kTo). 

The  ratio  of  reflected  to  incident  flux  on  a plane-parallel  atmosphere  is  the  plane  albedo  A(uo) 
of  the  atmosphere,  and  is  a function  of  the  angle  of  incidence  arccos  Vo-  a spherical  planet  the 

ratio  of  total  reflected  to  incident  flux  io  called  the  Bond  or  spherical  albedo, 

1 

A = 2 / dp  M A(m  ) . (10) 

8 '00  o 

The  plane  end  spherical  albedos  are  given  for  isotropic  scattering  by 

A(y^)  = 1 - H(y^)(l  - bi^)^''^  , (11) 

Ag  = 1 - (1  - b)^)^^^  h^  , (12) 
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where  H(p)  is  the  familiar  Chandrasekhar  H-function  and  hi  is  its  first  moment  /dp  p H(p  Note  that  hi 
and  H are  functions  of  wq,  although  this  is  often  not  explicitly  indicated. 

2.2.  Albedos  and  Surface  Illumination  for  Finite  Atmospheres 

If  the  atmospheric  optical  thickness  is  not  semi-infinite,  we  must  in  general  take  account  of  the 
reflecting  properties  of  the  planetary  surface.  Detailed  results  have  been  obtained  only  for  isotropic 
(Lambert  Law)  surface  reflection  emd  specular  reflection.  We  shall  confine  ourselves  to  the  former  case, 
referring  the  reader  to  Sobolev  (1972,  Ch.  IV.  §5),  and  Casti,  Kalaba,  and  Ueno  (1969)  for  a discussion 
of  the  latter. 


For  a finite  atmosphere  both  the  albedo  and  the  flux  V(Po,  Tq)  illuminating  the  planetary  surface 
(expressed  as  a fraction  of  the  incident  solar  flux  at  the  top  of  the  atmosphere)  are  important. 

Let  a be  the  surface  albedo.  We  may  then  express  the  albedo  and  the  surface  illumination  in  the 
case  a j*  0 in  terms  of  quantities  characterizing  the  atmosphere  in  the  absence  of  such  a surface  (i.e., 
for  a * 0).  Designating  the  former  quantities  with  a superposed  bar,  we  have  (e.g.,  Sobolev,  1972, 

Ch.  IV) 

A(p^,  T^)  = A(p^,  T^)  + 1— ■'o^ 

s o 


v(p  , T ) 

^o>  ' 1 -T  a Vt-T  • 

S 0 

where,  in  analogy  to  the  definition  of  A^, 

V^(T^)  - 2 /\  p^  V(p^.  T^)  . (15) 

The  problem  Is  thus  reduced  to  finding  the  reflected  and  transmitted  flux  in  the  absence  of  an  underlying 
surface. 


These  latter  quantities  may  be  written  In  terms  of  the  auxiliary  functions  ij)  and  <p  as 


“ 3.  - iji(p  , T )/u 
0 0 0 0 0 


V(Po.  rj  = K.(P^,  T^)/p^  . (17) 

The  corresponding  spherical  albedo  and  surface  illumination  are  given  in  terms  of  the  moments  of  i)>  and 
\fi  as 

^^^o^  •=  1 - 2 / T^)  (18) 


VJt^)  = 2 / dp^  «/<(p^,  T^)  . 

The  auxiliary  functions  are  in  turn  exprea_iV’  n terms  of  the  more  familiar  X and  7 function  by 
(suppressing  the  dependence  upon  t^) 

2p(l  - £ )[(2  - ui  a ) X(p)  + u B Y(p)] 

4>(p)  - 2 2_2^ 2-^ 

(2  - 5^  aj  - (S^  B^) 


2p(l  - £ )[£  B„  X(p)  + (2  - £ a)  Y(p)] 

OOP  00 

(2  - £ a )^  - (£  B)^ 

00  00 


1 1 
a » / dp'X(p),  B ■ / dp  Y(p) 
0 0 


1 /P 

Since  as  Tq  -►  *,  X(p)  •+■  H(p),  Y(p)  -*■  0,  and  Oq  •»  h^  * 2uo  [1  - (1  - wq)  ].  equations  (l6)  and  (20) 
reduce  to  equation  (11)  in  the  limit  of  a semi-infinite  atmosphere.  Tables  of  X and  Y are  referenced  by 
Lenoble  (197U)  and  Irvine  (197B).  We  emphasize  again  that  ip,  X,  Y,  and  their  moments  are  functions 


UM 


of  Sio  and  hence  (normally)  of  wavelength.  The  steps  In  the  similarity  procedure  are  thus:  (l)  relate 

the  known  values  of  g,  euid  Tq  to  the  "similar"  values  for  isotropic  scattering;  (2)  solve  the 
appropriate  isotropic  problem  for  A,  A3,  V,  and  Vg  for  the  case  of  no  surface  reflection  (a  “ O)  by  using 
tables  of  X and  Y functions;  (3)  find  the  desired  albedo  or  surface  Illumination  for  a f*  0 from  equatloiis 
(13)  and  (lU). 

Approximate  values  for  the  flux  at  any  level  in  an  atmosphere  may  be  obtained  without  using 
tabulated  vedues  (such  as  H,  X,  and  Y)  by  procedures  such  as  the  Eddington  ajid  the  Two  Stream  approxi- 
mations. These  methods  are  often  useful,  but  in  view  of  existing  reviews  emd  other  papers  at  this 
conference  we  shall  not  discuss  them  further. 


2.3.  Intensity 


Perhaps  the  most  convenient  and  rapid  approximation  to  use  if  the  angular  dependence  of  the 
radiation  field  is  desired  is  a combination  of  exact  first  order  scattering  plus  higher  ord-'r  scattering 
computed  for  the  appropriate  isotropic  case  from  the  similarity  principles.  We  find 


a F X(w)  X(y  ) - Y(y)  Y(u  ) + [p(Jl,  U)  - l][l  - exp(-  t (u"^  + y"^))] 

«o-  ^o)  = T-  t ^ ° ^ 2 ] 


(22a) 


for  the  reflected  intensity,  and 


T(n,  ^ [- 


Z F X(y^)  Y(y)  - X(y)  Y(y„)  + (p(«,  K ) - i)(e  ° 


-T_/y  -T„/y_ 


y - 


(22b) 


Icr  the  transmitted  intensity,  where  (as  previously)  X(y)  = X(y,  T*,  u*)  and  Y(y)  = Y(y,  t*,  uJ)  are 
gl.ven  for  isotropic  scattering  in  appropriate  tables  and  tS  and  w*  are  related  to  T„  and  by  equations 
(3)  - (U)  or  (6)  - (7). 


3.  ASYMPTOTIC  RELATIONS  AND  EXPANSIONS  FOR  SMALL  ABSORPTION 


The  specific  intensity  of  radiation  may  be  approximated  with  the  aid  of  the  similarity  relations 
described  in  the  previous  section  and  appropriate  tables  of  H or  X and  Y functions.  There  is,  however, 
an  annoying  tendency  for  tables  to  exclude  those  particular  values  that  are  needed  for  the  application  at 
hand.  In  this  connection  asymptotic  expressions  or  expansions  in  terms  of  a small,  parameter  are  often 
very  helpful.  Such  expressions  may  be  found  to  relate  solutions  for  semi-infinite  atmospheres  (Tq  “ “) 
to  desired  solutions  for  Tq  » 1»  and  also  to  relate  solutions  for  conservative  atmospheres  (wq  = 1)  to 
solutions  for  the  weakly  absorbing  case  (l  - Wq  « 1),  Van  de  Hulst  (e.g.,  1968)  and  Sobolev  (e.g., 

1972)  have  emphasized  this  approach,  which  may  of  course  be  used  with  numerically  computed  values  for 
arbitrary  phase  functions,  as  well  as  when  tabular  values  are  available.  Van  de  Hulst  has  emphasized 
that  by  an  appropriate  choice  of  abscissa  it  is  often  possible  to  interpolate  accurately  between  To  “ " 
and  values  as  small  as  Tq  ~ 3. 


The  asymptotic  relations  for  Tg  » 1 medie  use  of  queuitities  which  describe  the  radiation  field 
deep  within  a homogeneous,  semi-infinite  medium  illuminated  from  without.  If  the  illuminating  flux  is 
IT  F,  as  in  equation  (2),  the  intensity  and  source  fimction  in  this  "deep  regime"  take  the  azimuth- 
independent  form  (Sobolev,  1972) 


I(t,  y)  = F u(y^)  y^  i(y)e“^^ 
B(t,  y)  = F u(y^)  y^  b(y)e“*‘^ 


(t 

1)  , 

(23) 

(t 

» 1)  , 

(24) 

where  u(y)  is  the  "escape  function"  which  describes  the  relative  angular  distribution  of  radiation 
emerging  from  a very  thick  atmosphere  with  radiation  sources  at  great  depths,  i(y)  and  b(y)  describe  the 
angular  dependence  of  the  intensity  and  of  the  source  function  in  the  deep  regime,  and  k is  the  inverse 
diffusion  length  defined  previously.  It  may  be  shown  that 

l(y)  = b(y)(l  - ky)”^  . (25) 


^lle  b(y)  satisfies  the  internal  equation 


b(y) 


iT) 

o 

2 


1 

/ dy'  p°(y. 


-1 


^ ^ (l  - ky') 


(26) 


where  p°(y,  y')  is  the  azimuthal  average  of  the  phase  function. 

The  functions  i(y),  b(y),  ana  u(y)  thus  depend  in  general  on  the  phase  function  p and  the  single 
scattering  albedo  St).  Asymptotic  expressions  exist,  however,  in  certain  cases.  Thus,  for  nearly 
conservative  scattering  we  obtain 


i(y) 


1 + 


1/2 


10 


y Ml  - 5^)(i  + 


(1  - w ) « 1 

o 


(27) 
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plus  terns  0((l  - Wc,)^'  ),  with  a similar  expression  for  b(ij).  In  equation  (27)  are  the  coefficients 
of  the  expansion  of  the  phase  function  in  Legendre  polynomials  Pi(u): 

n 

P(W)  - E X,  P,(m)  . (28) 

ImQ  1 1 

Since  the  asymmetry  factor  g = X^/B,  we  see  from  (27)  that  i(p)  depends  only  on  g (not  on  higher  moments 
of  p)through  order  (1  - S^)l/2.  The  function  u(u)  also  depends  only  weakly  on  the  form  of  the  phase 
function.  In  the  present  case  of  weak  absorption 


u(y)  - u^(p)(l  - kD)  + 0(k"")  , 


where  (cf.  eq.  (U3)) 


D ■ T 7-  / dp  p u (p) 

^■*10  ° 

and  \Xq  is  the  function  u for  Wq  * 1.  The  latter  function  may  be  approximately  represented  in  linear  fora 
as 

u_j(p)  - (1  + Sp)(l  + 26/3)"^  , (30) 

where 

1 IT  ,, 

S”  “ n / d6  sin'^e  p(cos6)  . 

0 

The  above  quantities  may  now  be  used  to  write  asymptotic  expressions  for,  e.g.,  the  azimuth 
independent  portion  of  the  reflection  R emd  transmission  T functions,  which  are  related  to  the  reflection 
in  the  semi-infinite  case  by 


R(P.  Po.  To)  = R„(P,  Pq)  - ^ _o,.f  u(u)  u(p  ) 

1 - N e 


T(p.  p^.  T^)  . 

1 - tr 


— r— — u(p)  u(p  ) 
-kTo  o 


(t^  » 1)  , (31) 


(t^  » 1)  , (32) 


and  M and  N are  constants  defined  by 

1 

N = 2 / dV'o  u(p^)  i(-  p^)  , 

(?3) 

M » 2 / dp  p l^(p)  . 

-1 

In  practice,  u(p)  may  be  found  from  the  tabular  or  computed  values  of  transmitted  intensity  for 
sufficiently  large  Tq  (if  equation  (29)  is  not  applicable),  while  the  constants  M and  N may  be  obtained 
by  solving  equation  (31)  or  (32)  at  two  values  of  Tq  in  the  asymptotic  regime  (given  that  R or  T is  kniwn 
at  those  Tq)- 

Various  simplifications  are  possible  in  equations  (3l)  - (32)  in  certain  cases,  If  absorption  is 
small  (l  - uio  « 1,  so  that  k « 1) 

R(P,  P^,  T^)  = R°(P.  P^)  - h(t_^)  u^(p)  u^(p^)  , (310 

T(P,  P^.  T^)  “ e " f(T^)  u^(p)  u^(p^)  , (35) 


) 

o'  2kt„ 

3(1  - g)(e  - 1)  + 66k 
6 ■ 4 / dp  p^  u^(p)  , 


case  u)  « !• 

o 


uw 


and  u^(u)  nnd  R^(u,  W^)  refer  to  the 

In  the  conservative  case  • 1)  or  more  generally  if  kTo  « 1,  equations  (34)  and  (35)  take  the 
particularly  simple  form 


u (w)  u (li„) 

Vj  - I* 

‘o 


3(1  - «)  + 36 


(36) 


I*  u (p)  U (y  ) 

^o^  ’ 3(1  -~gT-T7t  3i  • (37) 

Other  particular  canes,  such  as  kT^  » 1,  may  be  easily  deduced  from  (31)  and  (32). 

Returning  to  the  case  of  small  true  absorption  (l  - uIq)  « 1,  we  may  write  limiting  expressions 
for  the  plane  and  spherical  albedos  of  a semi-infinite  atmosphere  as 


1 - 1/2 
/I  - u).- 


*<"o'  ■ 1 “o<")  • "o<»oi  * ijTTqr  - «„) , 


(t  • “) 


^ ‘ ^ 


(38) 


(39) 


where  the  constant 


the  function 


D ■ 2h  / dp  y*"  «q(w)  . 


- y^  - 2 / dp  y^  R°(y,  y^) 


(UO) 


(1*1) 


is  normalized  such  that  /^dy  y Vo(y)  ^ 1,  and  r2  is  the  reflection  function  (reflection  coefficient)  for 
the  case  “ 1.  Th«  constant  D depends  only  weakly  on  the  form  of  the  phase  function,  and  may  in 
practice  be  approximated  by  the  value  D « 8.5  for  isotropic  scattering. 


If  the  reflected  intensity  is  desired,  we  note  that  Hs  average  over  azimuth  is  given  by 


(t  » «»)  . 
o 


(U2) 


Since 


k » [(1  - «^)(3  - + 0(1  - Wj^) 


(1*3) 


equation  (1*2)  is  correct  to  0(1  - aJ^). 

Similar  expressions  may  be  written  for  the  albedo  and  surface  illumination  in  the  presence  of  an 
underlying  surface  (Sobolev,  1972,  Ch.  U). 

1*.  MORE  REALISTIC  MODELS 


The  homogeneous,  plane-parallel  models  which  form  the  basis  for  the  results  described  in  previous 
sections  are  sometimes  too  simplified  to  elucidate  actual  physical  situations.  We  shall  now  comment 
briefly  on  more  complex  situations. 


l*.l  Horizontal  Inhomogeneity 

Anyone  who  has  flown  above  a cloud  deck  must  have  observed  the  striking  departures  from  the 
idealized  plane-parallel  state  which  frequently  occur.  The  only  approach  for  planetary  atmosphere  used 
heretofore  in  this  si+uatlon  seems  to  be  the  Monte  Carlo  method.  The  results  suggest  that  the  presence 
of  deep  towers  and  troughs,  such  as  might  be  expected  for  cumulus  clouds  on  Earth  and  perhaps  on  a planet 
with  violent  convective  regions  such  as  Jupiter  (cf.  Squires,  1957),  can  profoundly  influence  the  form  of 
the  radiation  field  emerging  from  the  atmosphere.  The  difference  from  the  plane-parallel  case  is  partic- 
ularly marked  when  absorption  is  present  (i^  < 1;  cf.  Van  Blerkom,  1971).  In  addition,  the  prese.ice  of 
horizontal  strlatlons  will  of  course  introduce  an  azimuthal  dependence  in  the  radiation  field,  even  if  the 
phase  function  is  isotropic. 


Appleby  and  Van  Blerkom  (197**)  have  studied  the  center  to  limb  variation  and  the  variation  with 
phase  cuigle  of  the  equivalent  width  of  absorption  lines  in  planetary  spectra.  A simple  square  line  shape 
was  used,  and  a square  wave  cloud  profile  with  maxima  (and  minima)  running  normal  to  the  scan  direction 
was  assvimed.  The  resulting  curves  are  qualitatively  similar  to  +hose  obtained  by  Hunt  (1973)  for 
vertically  Inhomogeneous  atmospheres,  and  show  the  possible  pitfalls  of  interpreting  observational  data 
with  an  oversimplified  model  (even  though  Hunt's  models  are  themselves  the  most  sophisticated  yet  applied 
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to  the  Jovltui  atmospherr;! ) . 

Investigation  of  this  prohlem  should  have  a top  priority  within  present  multiple  scattering 

theory. 

U.2.  Shadowing  and  Surface  Reflection 

Usual  multiple  scattering  theory  assumes  that  the  scattering  centers  In  the  atmosphere  are  far 
enough  apart  so  that  each  particle  Is  In  the  far  field  of  the  scattered  radiation  from  any  other  particle. 
According  to  van  de  Hulst  (1957) i this  requires  that  the  interparticle  distance  be  greater  than  about  3p, 
where  p Is  the  particle  radius.  This  condition  would  seem  to  apply  to  all  conceivable  atmospheric 
situations  Including  multiple  scattering  by  large  rain  drops. 

If,  on  the  other  hand,  the  constituent  scatterers  making  up  a particulate  medium  are  sufficiently 
close  together  that  the  wavelength  X « p2/A,  where  A is  the  mean  free  photon  path  (or  the  slant  thick- 
ness of  the  layer.  If  that  la  smaller),  they  will  cast  shadows  on  each  other.  If  such  a medium  Is  viewed 
from  the  direction  of  Incident  radiation  (scattering  angle  Y * ^)>  bo  shadows  can  be  seen.  This 
phenomenon  produces  the  bright  region  observed  around  an  airplane  shadow  when  flying  over  a rough  ground 
or  around  one's  own  shadow  cast  upon  dewy  grass,  and  apparently  also  the  "opposition  effect"  or  anomalous 
brightening  at  small  phase  angles  observed  for  a number  of  astronomical  objects  (Including  the  Moon,  Mars, 
Saturn's  rings,  and  certain  asteroids,  and  also  for  powdered  surfaces  In  the  laboratory  (Oetklng,  1966; 
Hapke,  I968;  Lumme,  1971)).  Analysis  of  the  effect  may  be  viewed  as  part  of  another  largely  untouched 
theoretical  problem,  the  nature  of  the  reflection  from  natural  surfaces. 

If  the  "surface  particles"  may  be  taken  to  be  randomly  distributed  In  three  dimensions,  the 
problem  may  be  reduced  to  the  computation  of  a correction  to  the  usual  multiple  scattering  theory  used  in 
atmospheric  calculations,  at  least  in  so  far  as  diffraction  of  light  into  the  shadow  behind  each  particle 
may  be  neglected  (Irvine,  1966).  The  environment  within  Suturn's  rings  may  approximate  such  random  con- 
ditions, but  the  necessity  for  particle  support  in  the  vertical  direction  means  that  it  cannot  strictly 
apply  to  a surface.  Nonetheless,  Veverka  (197U)  has  obtained  good  agreement  with  the  observed  reflectiv- 
ity of  the  Moon  and  of  powdered  surfaces  using  the  Irvine  (I966)  procedure. 

Further  comparison  of  theory  and  experiment  is  clearly  needed.  The  case  of  partially  transparent 
particles  (1  - oJq  « 1)  is  peirticularly  important.  In  this  c^ise  multiple  scattering  will  predominate, 
and  It  Is  Important  to  determine  If  the  opposition  pekk  will  be  washed  out.  There  is  as  yet  insufficient 
laboratory  data  available  for  comparison  with  theory.  It  is  interesting  that  even  small  objects  in  the 
solar  system  seem  to  have  a low  density  regolith  (e.g. , Phobos  and  Deiraos,  cf.  Pollack,  1975),  so  that 
their  surfaces  may  approximate  dense  "atmospheres". 

U.3.  Computation  of  Spectra 

Absorption  spectra  formed  by  diffuse  reflection  or  transmission  of  solar  radiation  through  a 
partially  absorbing  planetary  atmosphere  csO.!  for  special  attention.  Both  the  line  shape 


and  the  equivalent  width 

W = / dv  (1  - r^) 

are  of  interest,  where  1^  is  the  intensity  in  the  continuous  spectrum  adjacent  to  the  line  emd  1^  is  the 
intensity  in  the  line . 

To  obtain  a precision  comparable  with  that  obtainable  by  modern  observational  procedures,  a 
theoretician  must  evaluate  Iv  at  a large  number  of  frequencies  within  the  absorption  band.  At  any  given 
frequency,  if  the  assumptions  referred  to  in  Section  II  in  this  connection  are  valid,  any  of  the  usual 
methods  (cf.  Irvine,  1975)  may  be  used.  The  requirement  of  multiple  calculations  may,  however,  change 
the  computing  economics  involved  in  choosing  the  optimum  procedure. 

It  is  possible,  provided  p(cosy)  is  independent  of  frequency  within  the  limited  frequency  range  of 
the  absorption  feature  and  that  the  atmosphere  is  homogeneous,  to  reduce  the  problem  to  the  solution  of  a 
single  transfer  problem  in  the  continuum  plus  the  performance  of  a quadrature  or  sum.  This  procedure 
requires  a knowledge  of  either  the  probability  distribution  of  photon  path  lengths  travelled  by  the 
reflected  light  (Appleby  euid  Irvine,  1973;  Kargin,  Krasnokutskya,  and  Feigel'son,  1972;  Fouquart  and 
Lenoble,  1973)  or  the  intensity  corresponding  to  successive  orders  of  scattering  (Uesugi,  Irvine,  and 
Kawata,  1971;  van  de  Hulst,  1970a).  Determination  of  the  former  quantity  also  provides  additional 
physical  insight  into  the  nature  of  the  line  formation  process.  Results  at  present  are  limited  to 
homogeneous  atmospheres,  but  with  this  restriction  both  methods  look  promising.  Because  of  the  smoothing 
character  of  the  integration  process  which  specifies  the  intensity,  it  would  seem  tha'.  great  accuracy  is 
not  needed  in  the  determination  of  the  probability  distribution,  and  approximate  or  numerical  results 
have  been  obtained  by  van  de  Hulst  (197^),  Romanova  (1965),  and  Fouquart  (197**),  as  well  as  by  the 
authors  cited  previously. 

An  approximate  procedure  based  on  use  of  a variational  principal  whose  extremum  gives  the  reflec- 
tivity has  been  proposed  by  Stokes  and  DeMarcus  (1971).  The  method  is  strictly  applicable  only  for 
isotropic  scattering  and  for  u = Uo>  very  rapid  and  has  proved  quite  useful  in  applications  to 

the  outer  planets,  for  which  the  phase  angle  is  always  small  (e.g.,  Michalsky  et  al.,  197**).  The  method 
is  directly  applicable  to  vertically  inhomogeneous  atmospheres,  but  it  is  not  obvious  in  this  case  how  to 
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Interpret  the  similarity  relations  for  transformation  of  the  results  to  more  realistic  phase  functions. 

llie  perturbation  procedure  proposed  by  Fymat  and  Abhyankar  (1970>  end  earlier  references  therein) 
may  also  be  used  to  reduce  the  problem  of  determining  a spectral  line  profile  to  the  solution  of  a single 
transfer  problem.  This  procedure  works  for  any  continuum  albedo. 
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FIGURE  3:  Escape  function  Uq(p)  for  conservative  scattering  (Sio  = l)  with  a Henyey-Greenstein  phase 

fu.ictlon  (equation  9)  and  an  asymnetry  factor  g > 0.7^.  Straight  line  is  the  approximation 
given  hy  equation  (30). 
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RESUME 


Apris  avoir  tappalA  lea  caraccAristiquea  gdndralet  du  problilne  da  trancfert  radiatlf,  on  passe 
briivement  an  ravua  les  mSthjdes  de  solution  pour  una  atnosphira  plan-parallAle  honog^ne  horisontalament 
at  on  donna  quelquae  comparaison  numSriquas.  Ensuite  las  problimas  plus  difficilas  d'inhon>og6n£it6s 
horizontslea  at  de  sph6ricit6  sr.nt  consid€r6s. 


SUMMARY 


METHODS  FOR  SOLVING  THE  EQUATION  OF  RADIATIVE  TRANSFER 
THROUGH  FINITE  THICKNESS  UYERS 


After  recalling  the  general  problem  of  radiative  transfer,  the  methods  of  solution  for  a plane- 
parallel  horizontally  homogeneous  atmosphere  are  briefly  reviewed  , a fev  numerical  comparisons  are 
shovm.  Then  the  more  difficult  problems  of  horizontal  inhomogeneities  and  of  sphericity  nre  considered. 


1 - INTRODUCTION 


La  propagation  de  la  lumiAre  m£me  dans  une  atmosphere  claire  d6p.<end  des  diffusions  multiples 
par  les  molScules  d'alr  et  les  adrosols  ; A fortiori  le  phAnomAne  de  diffusion  devient  prdpondArant  dans 
les  nuages  ou  le  brouillard.  ^ 

Apris  avoir  rappeli  les  principales  definitions  et  1 'Aquation  de  transfert  qui  rigit  le  rayon- 
nement  dans  une  atmosphire  diffusente,  nous  envisagerons  success ivement>  par  ordre  de  complex! ti  crois- 
sante,  le  cas  des  atmosphires  plan-paralliles  homogines,  prisentant  des  inhomoginiitis  verticales,  puis 
prisentant  des  inhomoginiitis  horitontales  et  enfin  le  cas  des  atmosphires  sphdriques. 


^ - DEFINITIONS  - EQUATION  DE  TRANSFERT 


2-1  - Caractiristiques  de  I’atmosphive 


L'atmusphire  sera  caracterisie,  en  chaque  point,  et  pour  cheque  f riquence^par  le  coefficient 
d'extinctioj  K - k -t  a,  somme  du  coefficient  d'absotption  k et  du  coefficient  d«  diffusion  a,  par  I'al- 
bido  pour  une  diffusion  u - o/K,  et  par  la  fonctlon  de  phase  p(d)  qui  difinlt  la  ripartition  du  rayon- 
nement  iliffuai  en  fonction  de  1 'angle 9 entre  la  direction  d' incidence  et  la  direction  de  diffusion  ; 
p(9)  es':  normalisie  avec  Is  condition 


(0 
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Enfin  on  dCflni.ra  I'fipaiiteur  optique  corratpondanC  ll  un  Lrajat  gfiondtrique  S par 

fs 

T - K(i)  da  . 


2-2-  Caractdriatlquea  du  chaap  radlatlf 

La  champ  radlatlf  aera  dCflnl  par  aa  lumlnanca  SnergCtlqua  monochrooatlque  I (r.S)  i oil  v eat 
la  frdquancet  r la  rayon  vactaur  caractCrlaant  chaqua  point  i partlr  d'vme  orlglne  o at  R la  direction 
da  propagation, 

Dana  la  aulta  noua  noua  placarona  toujoura  an  rayonnement  monochromatlqua  at  noua  omettrona 
I'lndica  V.  H aera  an  gSndral  coaiaoda  da  rCaarvar  I pour  la  champ  da  rayonnement  dlffua,  auquel  on 
ajoutara  la  rayonnement  dlractamant  tranamla  daa  aourcea.  ^ 

La  flux  net  en  un  point  (r)  1 travera  un  plan  parpendlculalre  k la  direction  O aera 


Fjj(r) 


I(r,n')  coa  du 


- F„(r)  - F‘(r)  , 


(3) 

(4) 


ou  at  P”  aont  reapectlvement  lea  Sclalrements  dnargdtlquea  monochromatiquaa  aur  lea  deux  facea  du 
plan  conalddrC. 

Motona  enfin  que  I'utillaatlon  d'un  formallaate  matrlclel  permet  de  tanlr  compte  da  1 Stat  de^ 
polariaatlon  du  rayonnement  par  dea  kquatlona  analoguea  i cellea  qua  noua  divalopparona  Id  aana  polarl- 
aatlon. 


2-3  - Equation  de  tranafert 

L'dquatlon  de  tranafert  a'obtlent  aana  peine,  an  falaant  le  bllan  d’finergle  dana  un  dl&aant 
de  volume,  aoua  la  forme 

S.  ?I(r,^)  - K(r)  { I(r,S)  - ),  (5) 


oil  la  fonction  aource  J a'dcrlt 

J(r,^)  - 


u_(r) 


p(r;S,n')  I(r,^')  du*  +tf(r,S)  + (1-w  (ri)  B(r)  ; 


(6) 


le  premier  teime  correapond  aux  dlffuslona  multiplea,  le  deuxibae  aux  aourcea  intdrieuraa  ou  extfirieurea 
at  le  troijihae  1 I'fimiaaion  thermique,  B(r)  «tant  la  luminance  du  corpa  noir  B la  tempCratura  qui  rSpne 

au  point  (r) . . . » . 

Dans  In  suite • nous  nous  int^resserons  4 le  diffusion  dens  X atmosphSre  du  reyonnenent  soleirep 

qui  conatltuera  la  aeule  aource,  et  I'dmiaaion  thermique  pourra  etre  ndgllgde, 

Dea  conditlona  aux  limltea  de  I'atmoaphire  doivent  etre  aaaoclSea  k I'Cquatlon  (6). 


3 - ATMOSPHERE  PLAN-PARALLELE  HOMOGENE 


Houa  conaldkrerona  ici  une  acmoaphkre  limitke  par  deux  plana  parallklea  Infinla  et  kclairSa 
unlformkment  aur  aa  face  aupkrleure  par  le  faiaceau  parallkle  du  aoleil  (Pig.  1),^ 

La  aeule  variable  de  poaition  aera  alora  I'altitude  a et  une  dire'.tion  0 aera  repkrke  par 
I'anglo  P avec  la  verticale  aacendante  (ou  p - coeB),  et  un  aaimuth  4, 

Remarquona  immfidiatement  qu'une  atmoaphkre  oO  le  coefficient  d 'extinction  K varle  avec  I'alti- 
tude s ae  ramSne  au  cas  d'une  atmoaphkre  homogkne  en  utillaant  conme  variable  d'altitude,  I'kpalaaeur 
optique  T au  deasua  de  I'altitude  conaidkrfie, 

T - K(a)  da  ; C7) 


I'kpaiaaeur  optique  totale  aera 

fz 

K(a)  da 


(8) 


L'kquation  de  tranafert  a'kcrit  alora 

- I(T;y,*)  - J(T;p,k)  , ^ 


W 


(9) 
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avec 


2n 


+ 1 


»♦')  I(x;ti',4^  dp'  d+'  + •5- p(y  F e 


(10) 


oQ  nF  est  I'dclalreinent  produit  par  le  faiaceau  incident  sur  un  plan  normal  d aa  direction  (y^,^^). 
Lea  conditiona  aux  limitea  aeront  alora 


I(o;y  <©,♦)  “ ° ^ 

y > o,^)  donnd  par  la  loi  de  rdflexion  du  sol  . 


(11) 


En  integrant  (9)  avec  les  conditiona  aux  limitea,  on  peut  exprimer  I en  fonction  de  J $ cette 
expression  coobinde  avec  (10)  donne  une  forme  intdgrale  de  I'dquation  de  transfert  portant  sur  I ou  sur 
J. 

II  est  parfoia  cooinode  d ' introduire  lea  fonctions  de  rdflexion  et  de  transmission  d'une  couche 
d'dpaisseur  t|,  ddfinies  par 


l'^(o;+y,*)  -4^  S(T,;y.*;y^.dj,)  vF  ^ 


(12) 


I (T,i-y,*) 


^ T(T|;p,*;y^,^^)  eF  . 


A partir  de  principes  d' invariance  et  de  1 'equation  de  transfert  on  peut  obtenir  des  dquations 
intdgro-diffdrentiel^les  non  lindairea  portant  sur  S et  T. 

D'autre  part  en  utilisant  des  principes  d'interantion,  on  peut  exprimer  les  fonctions  S et  T 
pour  une  couche  d'epaisseur  t - t!  * t",  A partir  de  ces  m&ses  fonctions  connues  pour  lea  couches 
T',etT",.  ! 

Si  on  utilise  camme  reprdsentation  mathdmati.que  de  la  function  de  phase  un  ddve loppement  en 
polynSmes  de  Legendre 

p(d)  " Pj  (cose)  J (13) 

on  peut  introduire  un  ddveloppement  en  adrie  de  Fourier  de  la  luminance 


^:(T;y,*)  • (2-6®)  I®(T;y)  cos  S(M^)  , 

q 

et  sdparer  I'dquation  de  transfert  en  (L+1)  dquations  portant  sur  les  l'(T;y). 


(H) 


3-1  - Mdthodes  analytiques  exactes 

Les  mdthodes  analytiques  exactes  ont  surtout  I'intdret  d'dclairer  la  structure  mathdmatique  et 
le  comportement  gdneral  des  solutions  de  I'dquation  de  transfert,  mais  elles  n'ont  pu  en  gdndral  etre 
ddveloppdes  et  en  tout  cas  appliqudes  que  pour  des  lois  de  diffusion  trds  simples  (isotrope  ou  Rayleigh) . 

Ix  mdthode  des  fonctions  propres  singulidres  (Case  et  Zveifel  - 1967)  utilise  directement 
I'dquation  de  transfert(9)  et  la  mdthode  de  Uiener«-Hopf  (Hopf  - I93A)  la  forme  intdgrale  de  cette 
equation. 

La  mdthode  des  principes  d'invariances  (Chandrasekhar  - 1950)  permet  d'exprimer  le  rayonnement 
sortant  des  deux  faces  de  la  couche  A partir  d-  fonctions  X(y)  et  Y(y)  dont  de  nombreuses  tables  numd- 
riques  existent  pour  les  cas  simples  mentionnds  ci-dessus.  Pour  celte  raison  elle  sert  souvent  de  test 
de  comparaisons  aux  mdthodes  numdriques . 

3-2  - Mdthodes  pour  ordinateurs 

Nous  regrouperons  sous  ce  titre  I'ensemble  des  mdthodes  qui  sont  actuellement  courannent 
utilisdes  pour  calculer  le  champ  radiatif  dans  les  atmosphAres  plandtaires. 

Certaines  peuvent  etre  considdrees  ccmme  purement  numdriques,  conne  la  Mdthode  de  Montd-Carlo 
(Pla.s  et  Kattawar  1971),  ou  la  "DART  Method"  (Gray  et  al. 1973)  ; elles  demandant  des  temps  de  calcul 
longs  pour  \me  prdcision  moyenne  et  ne  sont  pas  compdtitives  dans  le  cas  simple  d'une  atmosphdre  plan- 
parallAle  homogAne.  Elles  prennent  par  centre  tout  leur  intdrSt  dans  les  cas  plus  complexes,  comme  nous 
le  verrons  plus  loin. 

Les  autres  mdthodes  utilisent  un  traitement  analytique  plus  ou  moins  long  avant  le  calcul 
numdrique  sur  ordinateur. 

La  mdthode  des  ordres  successifs  consiste  comme  son  nom  I'indique  A rdsoudre  I'dquation  de 
transfert  (9)  pour  le  rayonnement  diffusd  n fois  A partir  de  la  function  source  (10)  due  au  rayonnement 
diffusd  (n-1)  fois  (Lenoble  1954)  ; elle  suit  done  de  pres  la  rdalitd  du  processus  physique,  mais  le 
temps  de  calcul  crott  rapidement  avec  T|,  surtout  quand  est  voisin  de  1.  Notons  que  pour  les  couches 
trAs  minces,  le  premier  terme  qui  correspond  A la  diffusion  primaire  et  peut  s 'exprimer  analytiquement 
constitue  une  approximation  suffisante  de  la  luminance  totale.  La  mdthode  d'itdration  de  Gauss-Seidel 
(Herman  1963)  est  dgalement  lente  pour  grand. 
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La  mithode  des  harmoaiques  aphSriques  (Deusfi  at  al. 1973;  et  celle  des  ordonnSes  discretes 
(^lou  1973)  conslstaat  toutes  lee  deux  i rfiaoudre  approximativement  (9),  la  premiere  en  repr^sentant 
I ('^,P)  en  aSrie  de  £onctions  associCes  de  Legendre^et  la  deuxiSne  cn  approchant  l'int€grale  par  luie 
aonme  finie  de  tennes.  Lea  deux  methodes  aont  voi.alnea  et  acr^lant  avantageuses  au  point  de  vue  temps  de 
calcul. 

Plusieura  mfithodes  travaillent  aur  lea  Tonctiona  de  reflexion  et  transmission  : "Matrix  Operator 
Method"  (Grant  et  Hunt  1969  , Plass  et  al. 1973) , "Adding  Method"  sous  la  forme  tr%s  avantageuse  de 
"Doubling"  pour  lea  couches  homogSnes  (Hansen  1969),  "Invariant  Imbedding  Method"  (Bellman  et  al, 1963) . 

Ces  mSthodes  semblent  avoir  des  efficacitSs  du  mSme  ordre  et  ont  6t6  tres  largement  employees. 

Les  tableaux  I et  II  donnent  quelques  exemples  de  comparaisons  de  methodes , 

3-3  - MSthodes  approxiaatives 

Les  mAthodes  decrites  ci-desaus  ont  en  ccomnm  1 ' inconvenient  de  nfcessiter  un  travail  important 
de  programiation  et  I'emploi  d ' ordinateurs  relativement  puissants  ; dans  le  cas,  oil  les  calculs  doivint 
etre  rApetes  pour  de  nombreuses  valeurs  des  psrametres,  les  temps  machine  risquent  de  devenir  prohibitifs; 
d'od  la  recherche  de  mAthodes  approximatives  permettant  de  rSduire  largement  le  temps  calcul  ou  mSme 
d'6viter  I'emploi  de  1 ' ordinateur . 

Ces  mSthodes  impliquent  en  gAnSral  une  approximation  assez  grossiSres  du  problSme  de  transfert 
et  des  propriftds  de  1 'atmosphere  et  elles  ne  permettent  pas  d'obtenir  correctement  la  representation 
dfi:ailiee  du  champ  radlatif  ; elles  sont  done  en  gdndra^  employees  essentiellement  pour  les  calculs  des 
flux. 

Nous  citerons  conme  mdthodes  approchdes  les  relations  de  simixaritS  (Van  de  Hulst  et  Grossman 
1968),  la  mdthode  d 'Eddington  (Kavata  et  Irvine  1970),  la  mdthode  A deux  flux  qui  comprend  diverses 
variantes  (tyzenga,  1973)  et  la  mdthode  du  noyau  exponential  (Wang,  1972).  Suivant  I'epaisseur  optique 
de  la  couche,  sa  fonction  de  phase  et  son  nlbddo  pour  une  diffusion,  I'une  ou  1 'autre  de  ces  mithodes 
se  rSvelera  preferable . Des  comparaisons  de  flux  sont  donnfeg  dans  le  tableau  III , 

4 - ATMOSPHERE  PLAN-PARALLELE  IKHOMOGENE  VESTICALEMENT 


Nous  avons  ddjA  notS  que  le  cas  oil  seul  le  coefficient  d'extinction  K varie  avec  I'altitude, 
peut  se  ramener  rigoureusement  au  cas  d'une  atmosphere  homogSne  ; e'est  le  cas  oh  1 'absorption  est  due 
aux  particules  diffusantes  elles-memes  ou  hien  le  cas  ou  centres  abso-bants  et  diffusants  restent  unifer- 
mdment  melanges  et  oh  seule  leur  densite  varie  (Ex  : atsiosphhre  moleculaire  pure,  hors  dee  handes  d'abr 
sorption  de  I'ozone). 

Si  les  particules  diffusantes  ceatent  partout  les  mSmes  mais  que  leur  rapport  de  mdlange  avec 
I'absorbant  varie  avec  I’altitude,  la  foncr.ion  de  phase  p(h)  reste  constante,  mais  I’albSdo  pour  une  dif- 
fusion u deviant  fonction  de  z (Ex  : atmosphere  moldculalre  dans  les  bandes  de  I'o  onejatmosphhre  conte- 
nant  des  adrosols  non  rdpartis  proportionnellement  A la  pression  du  gaz  absorbant  si  la  diffusion  moll- 
culaire  est  negligeabU'.)  . 

Enfin  si  la  nature  ou  les  dimen  ions  des  particules  diffusantes  varient  avec  I'altitude,  la 
fonction  de  phase  devient  egalement  fonction  de  z (Ex  ; atmosphere  ou  adrosols  et  molfcules  contribuent 
A la  diffusion,  avec  un  rapport  de  mdlange  fonction  de  z) . 

La  plupart  des  methodes  ddveloppSes  au  % 3-2  s'adoptent  sans  difficultds  A ce  cas.  Nfanmoins 
les  plus  rapides,  qui  tiraient  leur  avantage  de  I'homogenditd  de  I'atmosphAre  ne  s'appliquent  plus  direc- 
tement  Le  meilleur  exemple  en  est  la  "Doubling  Method"  qui  a partir  des  fonctions  S et  T pour  une  couche 
mince  d'dpaisseur  t,  calculait  ces  memes  fonctionu  pour  len  couches  2x  ,4t  , 8t  ,...etc,  et  qui  doit  dans 
le  cas  inhomogAne  etre  rcmplacee  par  la  "Adding  Method"  qui  consiste  A superposer  des  couches  fines  de 
meme  dpaisseur  et  est  beaucoup  plus  lente.  De  meme  les  harmoniques  sphdriques  ne  peuvent  plus  etre  deve- 
loppfs  anaiytiquement  aussi  loin  (Canosa  et  Penafielu,  1973  . 

Dans  le  cas  oh  seul  u est  fonction  de  z,  il  est  peut-etre  avantageux  de  ddduire  les  risultats 
pour  I'acmosphAre  inhomogAne,  A partir  de  ceux  de  I'atmosphAre  homogAne  par  une  mSthode  de  perturbation 
(Deuze  et  al«;  1373,  Fymat  et  Abhyankar, 1969) . 

5 - ATMOSPHERE  PLAN-PARALLELE  INHOHOGENE  HORIZONTALEMENT 


Nous  Classerons  dans  cette  catAgorie  le  caa  d’une  atmosphere  elle-mSme  homogAne  au-dessus  d'un 
aol  inhomogAne  ; 1 ' inhomoglndi tA  horizontale  du  champ  radiatif  est  alors  introduite  A travers  les  condi- 
tioiiS  aux  iimites. 

Mais  le  problAme  le  plus  diffirile  et  sans  doute  le  plus  important  est  celui  deg  nuages  disper- 
sAs  de  dimensions  finies. 

Dans  I'atmosphAre  inhomogAne  hurizontalement  un  point  doit  etre  repArA  par  ses  trois  coordonnAes 
(x,y,z)  et  I'Aquation  de  transfert  s'Acrit 


(1-y^)'^^  cosA  — -■j^***-  *^^  + (l-W*)'^^  sin* 


(*5) 


+ f {I(x,y,z;p,*)  - J(x,y,z;u,*))  , 
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avec 


ui^(x,y,i)  f2ir  f*l 

“47“ 


p(«.yt*;Pt*;u',  ♦')  I(x,y,z;tjJ^')  dy'  rtf' 


(16) 


+ j p(x,y,*;M,fjp^,f^)  F exp  ( 


K(x',y'  *')  d*'  ) . 


Meme  en  utilisent  des  representations  nath6matiques  trSs  sinplif tSes  de  l'inhaiaog6neite,  le 
traitement  analytique  ou  semi-analytique  de  ces  equations  se  revSle  difficile  et  assez  peu  de  tentatives 
dans  ce  sens  one  ete  iaites. 

La  raethode  de  Monte  Carlo  au  contraire  pertaet  de  traiter  ce  type  de  probiemes  sans  difficultes 
de  principe,  bien  qu'au  prix  de  temps  calcul  eieves  (Kee  et  Cox,  1974  - Van  Blerkon  1971). 

Une  solution  approximative  consists  2 calculer  le  rayonnement  pour  une  couverture  nuageuse 
partielle  i partir  des  resultats  pour  une  couverture  uniforme  et  en  l'absen':e  de  nuages.  Elle  ne  permet 
sans  doute  d'obtenir  que  lea  flux  et  ne  tient  evidement  pas  compte  des  diffusions  laterales  par  les 
nuages  qui  sont  importantes  (Kee  et  Cox, 1974). 


5 - ATMOSPHERE  SPHERIQUE 

Le  module  d'une  atmosphere  plan-parallele  constitue  une  bonne  approximation  de  1 'atmosphere 
terrestre,  tant  que  ni  la  direction  d' incidence,  ni  la  direction  d' observation  nc  sont  trop  prochqj-de 
I'horizon.  Par  contre  dans  les  probier.is  de  cr£puscule  ou  de  visdes  e 1 'horizon,  qui  interviennent  fr6- 
quenmient  dans  les  methodes  de  teieddtection,  il  faut  tenir  compte  de  la  sphSricitS  de  la  terre. 

Si  on  utilise  toujours  un  systeme  de  ccordonndes  sphdriques  avec  I'axe  des  z coincidant  avec 
la  verticals  locale  oM,  une  direction  ^ sera  repSrde  par  6 “ Arcos  p et  f^et  un  point  M par  oM  ••  r et 
indirectement  par  la  direction  (p^.f^)  du  soleil.  En  supposant  de  plus  que  1 'atmosphere  S la  symStrie 
sphdrique,  e'est-A-dire  que  ses  propri£t£s  en  un  point  ne  dependent  que  de  r (cas  analogue  A 1 'homoge- 
neity horizontale  dans  I'hypothAse  plan-parallele),  I'dquation  d-i  transfert  s'Acrit 


[“ 


>.  ._beL 

ar  r 3p  ^ t 


{ cos(f-f^) 


(17) 


—2^  sin(f-f^)  }|  I(r,p^,f^;p,f)  - - K(r)  ( I(r;p^^;p.f)  - J(r;p^,f^;p,f)  ) , 

I'-U  '' 


avec 


J(r;p  f„;p,f) 

o o 


4it 


[27, 


+ I 

p(r;p,f;p',f)  I(r}p^,f^;p’ ,f)  dp'  df 


Uo(r) 

— ^ — p(r;p,f:p^,f^)  F exp  {-T(r,p^)) 


(18) 


LA  encore  la  methode  de  Monte  Carlo  s'applique  et  la  DART  Method  (Gray  et  al,,I973)  a ete 
spedalement  con(ue  pour  ce  type  de  probleme.  Neanmoins  d' assez  noinbreux  travaux  ont  ete  consacres  A la 
recherche  de  methodes  analytiques  et  ont  donne  des  rdsultats  au  moins  dans  les  cas  simples  (Minin  et 
Sobolev,  1963,  Smokty,  1969,  Bellman  et  aL,  1969). 

6 - CONCLUSION 


Quand  1 'atmosphere  peut-etre  assimiiee  A une  couche  plan-parallAle  horisontalement  homogAne, 
de  nombreuses  methodes  permettent  de  rdsoudre  1 'Aquation  de  transfert  et  le  choix  entre  ces  methodes 
sera  dietde  par  le  type  de  probleme  envisage,  la  precision  desirAe  et  enfin  les  moyens  de  calcul  dispo- 
nibles , 

Far  contre  dans  les  cas  plus  complexes,  oil  il  est  necessaire  de  tenir  compte  des  inhomogeneites 
horizontales  ou  de  la  sphAricite,  un  gros  travail  reste  A faire  pour  amAliorer  les  mAthodes  existantes 
et  en  rechercher  di  nouvelles. 
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Tableau  I - Luminance  r€trodi£fuafie  par  une  couche  d'ipaiaacur  optique 

T,  8 £clair£e  en  incidence  normale  (irF<ei.)  pour  dee  particulee 
a ■■  S^m  - l«33^avec  m “ 0.95  et  0.99,  calculCe  par  lee 
harmoniquee  sph8riqueS  (HS)  le  doubling  (D)  et  lee  ordrea  Muc- 
ceasife  (OS)  (D«vaux  et  al,  1974) 
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u ■ 0 
o 

.95 

u)  ■ 0,99 
o 

HS 

D 

OS 

HS 

D 

OS 

0,01305 

0,10219 

0,10145 

0,098445 

0,16208 

0,16092 

0,15496 

0,06747 

0,12618 

0,12669 

0,012338 

0,20121 

0,20211 

0,19542 

0,16030 

0,15406 

0,15450 

0,015255 

0,25004 

0,25082 

0,24610 

0,28330 

0,17140 

0,17162 

0,017077 

0,28804 

0,28844 

0,28539 

0,42556 

0,17627 

0,17636 

0,017613 

0,3^824 

0,30841 

0,30650 

0,50000 

0,17748 

/ 

/ 

0,31434 

/ 

/ 

0,57444 

0,17944 

0,17948 

0,017941 

0,31933 

0,31941 

0,31817 

0,71670 

0,18323 

0,18325 

0,018309 

0,32422 

0,32428 

0,32341 

0,83970 

0,17821 

0,17323 

0,017790 

0,31553 

0,31558 

0,31496 

0,93253 

0,16763 

0,16765 

0,016718 

0,29963 

0,29967 

0,29922 

0;98695 

0,16359 

0,16371 

0,016306 

0,29175 

0,29180 

0,29143 

1,00000 

0,16369 

0,16371 

/ 

0,29090 

0,29094 

/ 

Tableau  II  - Luminance  diffuaSe  d diversea  prcfondeurs  t par  une  couche 
da  brume  de  type  L,  d'Spaiaaeur  optique  tj  ~ 1 avec  u>  ■ 0,9 
dclait£e  en  incidence  normale  (irF'e) , ealculSe  par  lea  harmoniquee 
sphdriquea  (HS) , la  "Matrix  Operator  Method"  (MO)  et  la  M£thode 
de  Mont<-Carlo  (ME) . 

Hour  lea  deux  dernierea  m£thodea,  lea  rSsultata  none  ont  £t£ 
aimablement  conmuniquSa,  reapectivement  par  G.H.  Plaaa  et 
G.W.  Kattawar  et  par  G.  Mikhailov  et  S.  K'lcnetaov  dana  le  cadre 
d'un  programme  de  comparaiaona  numeriquea  de  la  conmiaaion  du 
Rayonnement  de  I'l.A.M.A.F, 


T - 

T ■ 
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MO 
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HS 
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MC 

HS 

hC 
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0,0279 

0,0147 

0,0266 

0,0265 

0,0141 
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0,0251 

0,0134 

0,8 

0,0314 

0,0314 
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0,0301 
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0,0286 

0,0286 
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0,6 

0,0391 

0,0391 

0,0376 

0,0379 

0,0379 

0,0366 

0,0365 

0,0365 

0,0359 

0,4 

0,0535 

0,0533 

0,0515 

0,0529 

0,0528 

0,0523 

0,0521 

0,0520 

0,0525 

0,2 

0,0669 

0,0666 

0,0637 
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0,0690 

0,0696 

0,0705 

0,0703 

0,0730 

- 0,2 

0,0131 

0,0132 

0,0116 

0,0253 

0,0254 

0,0228 

- 0,4 

0,00952 

0,00952 

0,00945 

0,0191 

0,0190 

0,0186 

- 0,6 

0,0125 

0,0125 

0,0129 

0,0249 

0,0249 

0,0253 

- 0,8 

0,0286 

0,0292 

0,0312 

0,0560 

0,0573 
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- 1 

0,327 

0,327 

0,323 

0,626 

0,628 

0,612 

T«ibl«>u  II  auita 


I1 

t • ( 

3,2 

HS 

HO 

MC 

1 

0,0223 

0,0223 

0,0122 

0,8 

0,0257 

0,0256 

0,0242 

0,6 

0,0334 

0,0334 

0,0357 

0,4 

0,0497 

0,0495 

0,0493 

0,2 

0,0720 

0,0719 

0,0727 

- 0,2 

0,0467 

0,0471 

0,0480 

- 0,4 

0,0378 

0,0378 

0,0381 

- 0,6 

0,0490 

0,0491 

0,0495 

- 0,8 

0,108 

0,110 

0,115 

- 1 

1,152 

1,154 

1,11 



0,0137 

C,016l 

0,0221 

0,0368 

0,0667 

0,0916 

0,0883 

o.ns 

0,239 

2,240 


0,0137 

0,0160 

0,0221 

0,0368 

0,0668 

0,0916 

0,0884 

0,115 

0,240 

2,244 


0,0080 

0,0151 

0,0210 

0,0361 

0,0674 

0,0862 

0,0870 

0,118 

0,257 

2,18 


HS 

MO 

MC 

0,124 

0,124 

0,122 

0,148 

0,148 

0,148 

0,201 
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0,203 

0,387 

0,393 
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1 2»972 

1 

2,86 

Tableau  III  - Flux  net  |f(t)  + u k ^ n calcul6  exactciaent  et  par  diveraes 

laSchodea  approch£e8,  m6thode  8 deux  flux  atandard  (TS  St)  a^Sthode 
8 deux  flux  nodifi6e  (TS  Mod) , m6thode  d’Eddington  (Edd)  pour  un 
flux  incident  xF  ■ a 
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a 

64 
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» ] y • - 1 
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Lea  rdaultata  dea  nCthodea  •pprocb6ea  noua  ont  6t£  aiuiablenent 
coaminiqu6ea  par  W.M.  Irvine  dana  le  cadre  d'un  prograuaie  de  cooparaisona  nuaif- 
xiquea  de  la  Coooiaaion  du  Rayonnenent  de  l'l.A.M.A>F. 
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3,02 
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0,85 
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0,06 
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REMOTE  PROBING  OF  ATMOSPHERIC  PARTICULATES 
FROM  RADIATION  EXTINCTION  EXPERIMENTS: 

A REVIEW  OF  METHODS 

Alain  L.  Fymat 

Jet  Propulsion  Laboratory,  California  Institute  of  Technology 
4800  Oak  Grove  Drive,  Pasadena,  California  91103,  USA 


SUMMARY 


The  existing  methodology  for  reconstructing  the  particle  sise  distribution  and  inferring  the  refractive 
index  of  absorbing  and  scattering  atmospheric  particulates  is  critically  reviewed.  Emphasis  is  placed 
on  method  capabilities  and  shortcomings  and,  whenever  por-  tble,  on  achievable  accuracy.  The  nature 
of  the  associated  remote  probing  problem  is  analyzed  with  regard  to  the  effects  (not  the  properties)  of 
the  particulates  on  EM  wave  propagation  in  the  atmosphere.  The  parameterization  of  size  distribution 
is  studied  within  the  unifying  framework  of  Pearson's  distribution  curves.  The  inversions  of  extinction 
measurements  and  their  ratios  are  considered  separately,  and  the  potentialities  of  each  type  of  measure- 
ment are  identified.  Work  lacking  in  each  of  the  methods  reviewed  is  indicated.  Inverse  methods  for 
determining  effective  size  distribution  model  parameters  from  extinction  data  include  Junge's  and  the 
author's  methods.  The  methods  determining  the  effective  size  distribution  are  those  of  Phillips -Twomey; 
an  essential  modification  of  this  method  by  the  author;  Hanson;  Backus -Gilbert;  and  Shifrin-Perel' man. 
The  author' s method  of  determining  both  the  effective  complex  refractive  index  and  size  distribution 
model  parameters  from  the  same  data  is  also  presented.  Lastly,  the  author' s determination  from 
extinction  ratio  data  of  the  complex  refractive  index  independent  of  size  distribution  is  discussed  and 
error  analyzed. 

1.  INTRODUCTION 

Propagation  in  the  atmosphere  of  arbitrarily  coherent  light  beams  io  known  to  be  limited  by  the  presence 
of  particulates  (clouds,  fog,  haze).  The  magnitude  of  this  effect  depends  on  the  geometrical,  composi- 
tional and  structural  properties  of  these  particles  (i.  e.,  respectively,  shape;  inhomogeneity  of  material 
and  complex  refractive  index;  size  distribution  and  concentration).  For  homogeneous  particles  of  simple 
shape  (e.g. , spheres),  the  effect  can  in  principle  be  approximately  evaluated  in  all  its  detailed  spectral 
and  angular  variations  applying  radiative  transfer  theory  to  somewhat  idealized  atmospheric  models 
(Bahethi,  O.  M. , and  Fraser,  R.  S. , 1975;  Fymat,  A.  'j. , Devaux,  C. , Herman,  M.,  and  Lenoble,  J. , 
1975;  Hansen,  J,  E.,  and  Travis,  L.  D. , 1974;  Irvine,  W.  M. , 1975;  Kerschgens,  M. , Raschke,  M.  E. , 
and  Reuter,  U..  1975;  Lenoble,  J. , 1974,  1975;  Liou,  K.  N. , 1975;  and  Plass,  G.  N.,  1975).  In  the 
absence  of  specific  information  regarding  the  particles  properties,  such  radiative  transfer  studies  are 
extremely  valuable  for  bracketing  the  extent  of  propagation  disturl^anc^  vmder  arbitrary  operating  condi- 
tions. The  resulting  information,  unfortunately,  is  usually  not  sufficiently  precise  in  terms  of  engineer- 
1 :,7  parameters  for  optical  systems  designs.  It  also  rarely  applies,  if  at  all,  to  actual  atmospheric  con- 
ditions. The  situation  could  be  considerably  improved,  however,  if  the  particles  properties  could  be 
. c :onstr;'>'‘  ']  from  experiment,  and  subsequently  inserted  in  the  available  radiative  transfer  codes.  In 
liii6  mam  the  above  bracketing  would  be  extremely  narrowed,  the  only  limiting  factors  being  the 
instrumetual  noise,  the  numerical  noises  inherent  both  in  the  data  inversion  techniques  used  for  retrieving 
the  particles  parameters  and  in  the  transfer  codes,  and  the  degrees  of  idealizations  of  these  and  the 
inverse  codes.  But,  more  importantly,  it  would  become  possible  to  evaluate  in  (or  near)  real-time  the 
particles  effects  on  light  propagation  for  any  atmospheric  and  operating  conditions. 

The  aim  of  this  article  is  to  review  critically  the  existing  methodology  for  inferring  the  optical  param- 
eters of  atmospheric  particulates  with  particular  emphasis  on  method  capabilities  and  limitations  and, 
whenever  possible,  achievable  accuracy  under  favorable  and  adverse  conditions.  Active  and  passive 
remote  sensing  from  the  ground  and  from  an  airborne  or  orbiting  platform  will  be  considered.  The 
methods  reviewed  are  those  utilizing  measurements  of  light  extinction  by  absorption  and  scattering  from 
both  host  gases  and  embedded  particles,  the  so-called  direct  radiation  case.  The  diffuse  radiation  case 
resulting  from  primary  and  multiple  scattering  by  the  same  gases  and  particles,  including  the  consequent 
induced  polarizatic  nd  the  combination  of  both  cases,  have  been  reviewed  elsewhere  (Fymat,  A.  L. , 
1975» 

2.  NATURE  OF  THE  REMOTE  PROBING  PROBLEM 

In  studies  of  atmospheric  effects  on  light  propagation,  as  opposed  to  environmental  and  micrometeoro- 
logical  studies,  we  are  not  necessarily  interested  in  the  true  particles  properties  but  rather  in  the  sim- 
plest equivalent  (or  effective)  properties  that  would  produce  the  identical  effects.  This  is  a fortunate 
situation  for  question  ardlng  the  model-dependence,  or  even  the  uniqueness  of  results  yielded  by  a 

given  model,  loose  h'  .uch  of  their  significance  providing  these  results  explain  the  observations  and 

have  physical  mean 

Indeed,  under  certain  circumstances,  it  is  possible  to  simulate  the  effects  of  nonspherical  particles  of 
arbitrary  orientation  by  spherical  ones  (Holland,  A.  C.,  and  Gagne,  G. , 1970;  Burch,  D.  E. , Pembrook, 
J.  D. , and  Reisman,  E.,  1970),  those  of  anisotropic  scattering  by  appropriately  scaled  isotropic  scatter- 
ing (van  de  Hulst,  H.  C.,  and  Grossman,  K. , 1968),  and  those  of  a vertically  inhomogeneous  atmosphere 
by  a vertically  homogeneous  one  on  which  a variable  perturbation  has  been  superimposed  (Fymat,  A,  L. , 
and  Abhyankar,  K.  D. , 1969a,  b;  1970a,  b).  From  there  on  it  becomes  both  convenient  and  reasonable  to 
investigate  simple  atmospheric  and  scattering  models  providing  these  models  are  physical  and  able  to 
reproduce  the  observed  effects.  This  is  certainly  compatible  with  the  very  nature  of  the  inverse  mathe- 
matical problem.  Thus,  we  may  conceive  that  for  a given  light  input,  a set  of  atmospheric  and  scatter- 
ing models  could  exist  that  match  the  detected  light  output.  And,  within  any  element  of  this  set,  the 
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medium  phyeicel  paremet«ra  reconstructed  from  theee  det*  may  not  even  be  unique,  although  the  various 
determinations  may  be  physically  meaningful.  If  we  were  only  Interested  in  the  physical  parameters 
characterising  the  particulates,  the  non-uniqueness  situations  described  would.  If  they  occur,  totally 
prevent  us  from  determining  the  true  values  of  these  parameters.  However,  the  situation  may  not  be  so 
tragic  if  we  are  only  concerned  with  the  effects  which  these  particles  have  on  light  propagation.  There 
we  would  only  be  Interested  in  that  set  of  physical  effective  parameters  that  can  mintlck  the  measure- 
ments. These  effective  parameterl  could  be  provided  by  Idealised  models. 

3.  PARAMETERIZATION  OF  PARTICLE  SIZE  DISTRIBUTION 

In  most  of  the  methods  to  be  discussed  below  for  remotely  sensing  the  effects  of  atmospheric  particulates, 
an  analytic  representation  is  used  for  the  aise  distribution  of  the  assembly  of  particulates.  A number  of 
such  representations  cr  i be  found;  for  example: 

Power  distribution: 

n(r)  = cr"*  ; (la) 

Exponential  distribution: 

n(r)  = ce“^‘^’"  ; (ib) 

Normal  distribution; 

n(r)  = cc'P'  ; (Ic) 

Gamma  distribution  (I): 

n(r)  = cr®  e"^*'  , (id) 


where  the  constants  c can  be  determined  from  the  relation; 


r)  dr  = N , (2) 


N s particle  number  density,  and  both  these  constants  and  tae  parameters  a and  p are  expressible  in 
terms  of  the  moments  of  the  correspondii;g  distribution: 


Jo 


tt(r)  dr,  n = 0,  1,  2, , 


(3) 


We  should  like  to  indicate  (this  does  not  appear  to  be  recognized  in  the  atmospheric  literature)  that  the 
distributions  in  Eqs.  (1),  and  mc.ny  others  not  listed,  are  all  solutions  of  the  celebrated  differential 
equation^  of  K.  Pearson  (1914,  1931): 


j ^ ^ 

»(*■)  = — rr-r-  »(>•)  * 


F(r) 


(4a) 


where  F(r),  a general  function  of  r,  is  used  to  encompass  the  case  dn(r)/dr  0 even  if  n(r)  = 0,  i,  e. , 
the  distribution  curve  is  not  tangential  to  the  r-axis  at  the  origin.  Expanding  F(r)  by  Maclaurin*  s 
theorem  in  ascending  powers  of  r,  we  get; 


37n(r)  = 


*0  + *i' 


n(r)  , 


(4b) 


where  the  coefficients  (hereafter  called  Pearson*  s coefficients)  are  expressible  in  terms  of  mn>  This 
could  be  seen  by  rewriting  Eq.  (4b)  as: 


(»o  + »jr)n(r)  = (b^, 


+ bjr  + ^2*"^ 


1 


This  is  a slight  modification  of  the  original  equation  given  by  Pearson.  In  the  latter  equation,  the  num- 

read  (a  + rl.  Althoutth  our  aouatlon  can  easily  be  reduced  to  Pearson*  a,  we  have 
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multiplying  both  tides  of  this  expression  by  r**,  integrating  them  over  r,  and  integrating  by  parts  the 
right-side  of  the  equation  thus  obtained.  These  operations  yield  a moment  relation  which  for  n = 0,  1,  2,*>« 
gives  a system  of  equations  in  the  Pearson's  coefficients.  In  this  manner,  it  is  found  that 


‘‘l 


(5a) 


where 


(5b) 


and  vij  are  the  ratios: 


‘■ij 


-1 

"ji 


(5d) 


The  moments  v are  computed  about  the  mean  of  the  distribution  while  the  momentv  m are  about  the  origin. 
Simple  formulae  exist  in  the  literature  for  converting  either  moments  into  the  other  ones.  It  may  be 
noted  that  all  coeificients  in  Eqs.  (5)  involve  moments  up  to  the  fourth. order.  In  other  words,  on  the 
basis  of  Pearson*  s theory,  we  conclude  that  the  distributions  (la). (Id)  require  at  least  up  to  fourth.order 
moments  for  their  characterisation.  It  is  clear  that  using  only  smaller  order  moments  would  result  in 
inaccurate  descriptions  of  the  size  distribution  effects  on  light  propagation.  Next,  it  is  known  in  statistical 
distribution  theory  that  additional  constants  b3,  b4,  ...  in  Fq.  (4b)  would  involve  higher-order  moments 
than  the  fourth  which  in  statistical  work  are  generally  considered  as  untrustworthy.  Pearson’s  classical 
Main  Types  I,  IV  and  VI  and  Transition  Types  11,  111,  V,  and  VII  to  XII  of  systems  of  curves  are 
obtained  from  a consideration  of  the  roots  of  the  equation  bo  t bir  + b2r^  s 0.  As  illustrations,  the  nor. 
mal  curve  of  error  is  obtained  when  bj  = b2  = 0.  (This  is  a particular  case  of  Type  II),  and  the  Power 
law  and  the  Gamma  distributions  are  all  of  Type  lU.  Table  1 lists  for  convenience  the  values  of 
Pearson's  coefficients  for  the  distributions  in  Eqs.  (la). (Id).  These  coefficients  could  be  expressed  in 
terms  of  moments  using  the  relations  in  Eqs.  (5). 

Since,  as  shown,  the  distributions  listed  and  many  others  form  a family  of  solutions  of  Eq,  (4),  it  is 
clear  that  there  is  actually  much  less  diepn.rity  than  is  suggested  by  the  partial  list  of  distributions  in 
Eqs.  (la)  . (Id).  These  points,  viz.  the  reconciliation  of  the  various  distributions  and  the  need  to  con- 
sider at  least  fourth-order  motnohts,  were  not  recognized  previously,  at  least  not  from  the  viewpoint  of 
Pearson' s differential  equation,  if  must  bo  noted  however  that  the  latter  conclusion  was  reached  earlier 
by  Hansen,  J.  E.  (1971)  from  physical  considerations  and  later  verified  numerically  (Hansen,  J.  E. , 
and  Travis,  L.  D. , 1974). 

Hansen  suggested  to  use  the  following: 

Gamma  distribution  (II) 


n(r) 


^j.(l-3b)/b  ^-r/ab 


c 


N 


i/b'Zr.i 


(ab) 


Is  - 


3 ! 


(le) 


because  it  has  the  property  that  the  parameters  a and  b are  respectively  identical  to  an  effective  radius 
and  an  effective  variance  defined  as: 


“ ■ 'eff  ■ ”^32  ’ 


^ ■ ''eff  “ 2 ^'”42  ■ *”32' 

"*32 


The  corresponding  Pearsen' s coeificients  are  also  listed  in  Table  1.  Note  that  again  fourth-ord jr 
moments  are  involved.  Interestinf.ly,  the  above  authors  also  showed  (see  their  Fig.  14)  that  if  the  dis- 
tribution in  Eq.  1(e)  is  used  as  a standard  the  corresponding  effects  on  the  scattered  radiation,  specifi- 
cally on  the  phase-function  and  the  degree  of  linear  polarization  (resulting  from  single  scattering  of 
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unpolarlEcd  Incident  light)  are  subctantially  the  tame  at  all  acattering  angles  as  those  resulting  from  the 
distribution  in  Eq.  (la),  the 


Bimodal  Gamma  distribution; 


n(r)  r: 


i = 1.^. 


(If) 


where  ni  are  obtained  from  Eq.  (le)  using  different  parameters  a and/or  b,  and  the 
Lognormal  distribution; 

.1  -I 

n(r)  = ar  ^ e 


(18) 


In  this  comparison,  and  v^££  were  chosen  to  be  identical  for  all  distributions  studied.  Notable  dis- 
crepancies be^een  the  effects  of  these  distributions  were  observod  (see  their  Fig.  '.5)  when  only  the 
mean  radius,  7,  and  the  variance,  usually  defined  by 


r = ntjQ,  <r  - m^^  - m^^ 


(7) 


were  likewise  considered  showing  that  second  and  lower  order  moments  are  insufficient  for  a proper 
characterization  of  the  size  distribution  effects.  ^ If  correct,  these  results  would  show  that  within  the 
context  of  analytical  modelling  of  particle  size  distribution  for  light  scattering  studies,  it  is  only  neces- 
sary to  use  a distribution  whose  parameters  are  expressed  in  terms  of  at  least  fourth-order  moments, 
such  as  for  example  the  Gamma  distribution  (II).  Conversely,  within  the  same  context,  the  results  also 
show  that  scattered  light  measurements  can  only  yield  expressions  in  these  moments,  such  as  the  effec- 
tive mean  radius,  a,  and  the  effective  variance,  b;  they  will  not  provide  the  actual  distribution.  It  is 
not  known  whether  the  same  conclusions  hold  true  for  the  case  of  light  extinction  which  is  of  particular 
interest  here. 

4.  PHYSICAL  MODEL  AND  UNKNOWN  PARAMETERS 

The  following  model  will  be  considered:  a mixture  of  i different  species  of  gases  and  j different  species 
of  particulates  constitutes  the  atmosphere.  Effects  due  to  ground  surface  reflection  can  be  disregarded. 
Each  gas  will  bo  characterized  by  an  absorption  cross-section,  Rg,  a scattering  cross-section,  ug,  and- 
a number  density,  Nj.,  These  three  characteristics  will  exhibit  spatial  variations  while  the  former  two 
possess  additionally  irequency  variations.  From  these  parameters  all  gaseous  effects  could  be  eval- 
uated in  detail  when  the  geometry  of  the  atmosphere  is  specified.  On  using  Rayleigh-Cabannes  formula 
applicable  to  anisotropic  molecules  (see,  e.g.,  Chandrasekhar,  S. , 1950); 


3 


X*N 


+AL 


76 


(8) 


To  encompass  the  lognormal  distribution,  our  form,  Eq.  (4b),  of  Pearson' s equation  must  further  be 
modified  to  read: 


^n(r) 


ao  + ajfnr 


bo+bir  + b^r  +... 


(4c) 


indicating  that  a generalized  Pearson's  type  differential  equation  could  have  the  form: 


^ "(>•)  = 


(4d) 


And,  for  multimodal  distributions,  the  form  to  use  should  be: 


Tr  ■ / , ^ 1 , i = 1,2,  3, 

b„  , + b,  . r + b-  . r + • • • 

1 0,i  1,1  2,1 


(4e) 


LJ 
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It  is  seen  th»t,  aside  from  Ng,  the  parameter  o-g  involves  in  fact  two  additional  parameters:  the  (real) 
refractive  index,  mg,  and  the  depolarization  factor,  5 ,_of  the  particular  gaseous  species.  In  summary, 
each  gas  would  bo  characterized  by  four  parameters:  Kg,  mn,  6 and  Ng,  and  their  spatial  and  frequency 
variations,  as  appropriate.  On  the  other  hand,  each  particulate  species  would  be  characterized  by  a 
complex  refractive  index,  mj.  = mj.  - im^,  a characteristic  size  and  distribution,  n(a),  and  a number 
density,  Nj..  Those  various  parameters  exhibit  spatial  variations  while  the  refractive  index  may  addi- 
tionally present  frequency  variations.  Thus,  each  particulate  species  would  be  characterized  by  the 
three  parameters:  mr,  m^,  Nj.  and  the  distribution  n(a),  and  their  frequency  and  spatial  variations  as 
appropriate.  It  may  be  noted  that  with  the  parameters  listed  the  scattering,  absorption  and  extinction 
optical  thicknesses  of  the  model  atmosphere  considered  can  be  evaluated  straightforwardly. 

The  several  methods  now  to  be  discussed  will  consider  that  only  a few  of  the  above  atmospheric  param- 
eters are  unknown.  The  limitations  and  capabilities  of  these  methods  will  thus  be  more  easily  gauged 
against  the  reference  model  just  set  forth. 

The  methods  could  be  classified  either  mathematically  according  to  the  type  of  mathematical  expressions 
to  be  "inverted",  or  physically  according  to  the  nature  of  the  observables  of  the  light  field.  The  physical 
classification  will  here  be  adopted.  It  turns  out  that  inferring  atmospheric  physical  parameters  from 
direct  radiation  measurements  involves  the  inversion  of  first  kind  integral  equations.  Ratios  of  such 
measurements  and  therefore  also  ratios  of  such  equations  will  also  be  studied.  It  is  thus  evident  that 
the  successful  solution  of  the  inverse  problem  is  critically  dependent  on  our  ability  to  "invert"  these 
particular  equations.  Fortunately,  the  corresponding  methodology  is  a rich  one,  and  this  fact  coupled 
with  our  under stemding  of  the  effects  of  each  atmospheric  parameter  variations  on  the  observed  light 
field  enables  us,  at  least  in  some  cases,  to  carry  out  the  inversion  successfully. 

5.  INVERSION  OF  DIRECT  RADIATION  MEASUREMENTS 

The  observable  is  the  radiation  beam  propagating  linearly  from  source  to  detector  and  its  frequency 
variations.  It  has  two  components  (i)  the  light  transmitted  directly  with  attenuation  (i.e,  , absorption 
and  scattering)  along  the  line-of- sight,  and  (ii)  the  diffuse  light  that  consists  of  both  primary  scattering 
in,  and  higher-order  of  scattering  into,  the  forward  direction.  The  diffuse  component  is  comparatively 
negligible,  and  this  reduces  to  a statement  of  Bouguer-Beer-Lambert  law; 


i = io  (-  "^ext  ’ 


(9) 


where  Iq  and  I denote  respectively  the  incident  and  transmitted  Stokes'  4- vectors  whose  components  are 
the  usual  Stokes'  parameters  (or  any  other  equivalent  representation  of  light  polarization  state).  Note 
that  I,  and  jo  are  in  the  same  arbitrary  state  of  polarization  since  the  exponential  attenuation  does  not 
introduce  any  polarization.  When  the  Sun  is  used  as  the  source,  the  corresponding  radiation  being 
unpolarized,  I and  Iq  reduce  to  scalars  (specific  intensities),  and  Eq.  (9)  simplifies  to: 


I = Iq  exp  I - M(p)  ] . (9a) 

Also,  in  Eq.  (9)  or  (9a),  Tg^t  's  the  extinction  (=  absorption  + scattering)  or  total  optical  thickness  of  the 
atmosphere,  and  M(p)  is  the  relative  air  mass  in  the  line-of-sight  which  makes  an  angle  6=  cos"^  p with 
the  local  normal  to  the  plane  of  stratification  of  the  atmosphere  (parallel  to  the  surface);  6 is  counted 
positive  for  upward  directions  and  conversely.  The  detailed  expression  of  M(p),  not  given  here,  includes 
both  curvature  and  refraction  effects  (see  Fessenkov,  V.  G.  , 1955).  For  example  neglecting  refraction, 
and  away  from  the  limb,  M = This  is  the  usual  expression  most  frequently  used  in  atmospheric 

optics.  Equation  (9)  or  (9a)  applies  across  the  spectrum,  and  can  be  made  the  basis  of  ground-based, 
airborne  or  space  measurements  for  the  experimental  determination  of  It  is  the  unraveling  of  the 

physical  information  contained  in  that  is  the  primary  interest  of  this  section. 

5.  1 Statement  of  Problem 

For  simplicity  consider  Eq.  (9a).  (This  expression  also  applies  to  each  component  of  Eq,  (9).)  Invert- 
ing this  equation  yields  the  measurable  quantity: 


Experiment  should  provide  reliable  measurements  of  this  quantity  since  absolute  calibration  is  not 
required.  All  the  physical  information  on  the  atmospheric  particulates  is  contained  in  Tg^t-  For  the 
model  described  in  section  4,  this  information  could  be  retrieved  by  "inverting"  the  double  integral 
expression 
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■where  \ is  the  wavelength,  a is  a characteristic  dinnension,  z is  altitude,  «o  = Ng  Tg,  «g  = ■*  ^d' 

the  geometrical  cross-section,  Q is  an  efficiency  factor  (the  subscript  referring'to  a specific  ph)^ical 
process;  absorption,  scattering  or  their  combination  which  is  the  extinction),  Qext  = Qabs  Qsca> 
the  superscripts  follow  Einstein*  s summation  convention; 


For  example,  for  spheres,  a is  the  particle  radius,  r,  and  G(r)  = -sr^.  Likewise  for  circular  cylinders; 
G(r)  = 2lr2  where  I is  the  ratio  of  the  length  to  the  radius.  For  t’  ese  two  types  of  particles,  the 
required  expressions  for  Q are  well-known  and  available  in  the  literature  (see,  e.g,,  Hulst,  H,  C.  van  de, 
1957).  In  Eq.  (11)  it  may  be  noted  that,  because  of  the  gradient  of  relative  humidity  in  the  atmosphere 
which  may  cause  the  particles  to  change  size  by  condensation,  G was  made  to  depend  explicitly  on  z. 
Likewisev  Q and  n may  also  vary  within  the  atmosphere.  Thus,  the  measurement  in  Eq.  (10)  immediately 
provides  one  atmospheric  parameter;  i.e.,  further  information  on  the  microstructure  .tcd  chemical 

composition  of  the  particles,  i.  e, , respectively  n(a)  and  m,  could  be  obtained  only  through  "inversion" 
of  the  right-side  oi  Eq.  (11)  utilizing  several  measurements  E()^),  At  this  time,  this  task  has  been 
carried  out  only  under  the  following  restrictive  assumptions; 

• *g(*)>  simply  its  altitude -integrated  value,  is  known, 

• The  z-dependence  of  the  product  (G  Qext  <^en  be  factored  out  and  the  integrated  value 
of  this  factor  is  known.  Note  that  this  is  less  restrictive  than  considering  that  a(z), 
m(z)  and  n(z)  are  all  z- independent. 

Further  assumptions  will  be  made  within  each  of  the  methods  of  inversion.  There  are  two  general 
classes  of  such  methods,  those  assuming  the  knowledge  of  the  refractive  index  but  not  postulating  any 
size  dls.ribution  model  and,  conversely,  those  postulating  a distribution  model  but  leaving  the  refractive 
index  unknown.  All  methods  have  concentrated  on  spherical  particles  for  which  Mie*  s theory  is  avail- 
able. However,  any  other  shape  of  particles  could  be  handled  if  the  corresponding  Qext  were  known. 

This  is  a primary  limitation  in  present  radiation  theory.  Before  reviewing  these  methods,  we  shall  first 
analyze  Eq.  (11)  in  a simple  case, 

5,2  Analysis  of  Direct  Problem 

Assume  as  said  earlier  that  «g(z)  is  known  or  determined  so  that  E(X)  becomes  a measurable  quantity 
for  a set  of  \-values.  Assume  further  that  there  is  only  one  type  of  particles,  and  that  a(z),  n(x)  and 
m(z)  are  independent  of  the  altitude  z,  (The  case  of  slowly  varying  functions  of  z could  in  principle  be 
handled,)  Under  these  assumptions,  Eq.  (11)  reduces  to 


E[X,m,n(a)]  = I G(a)  [ a,  m(\)]  n(a)  da  . (11a) 

Jo 

For  spheres,  G(a  = r)  irr^,  and  further  introducing  the  (dimensionless)  size  parameter  x = kr, 
k = 2ir/X,  this  equation  can  be  rewritten 


«00 

E[X;m,n(x)]  = irk'^  / x^  Q^^^j  [ x,  m(X)  ] n(x)  dx.  (11b) 

Jo 

Few  results  have  been  published  on  the  "weighting  functions"  irk'^x^Qejj^,  or  even  Qext>  various  size 
distributions  and  parametric  values  of  x and  X.  For  m(X)  5 1,50,  H.  Quenzel  (1970)  has  provided  Qexti*") 
for  different  X*  s (see  his  Fig.  1;  see  also  Fig.  4.  12  of  Burch  et  al. , loc,  cit,  ; Fig.  2 of  Wright,  P.  J.  , 
1975;  and  Figs.  4 to  9 of  Shettle,  E.  P. , 1975).  All  curves  start  from  the  origin  and  after  a series  of 
oscillations  converge  to  the  theoretically  predicted  value  of  2.  For  small  r values,  they  exhibit  separate 
although  strongly  overlapping  peaks  while  .at  larger  values,  say  r > 2 pm,  the  oscillations  diminish 
strongly  in  amplitude  and  at  still  larger  r values  they  haruly  differ  from  each  o^her.  The  locations  of 
the  peaks  indie  te  those  radius  values  that  are  efficiently  sampled  by  the  wavelengths  corresponding  to  the 
curves.  Thus,  the  wavelengths  0.4,  0.9,  1.3  and  1.9  pm  are  the  most  efficient  in  sampling  the  approxi- 
mate radius  values  0.  5,  1.0,  1,6  and  2,3  pm,  respectively,  under  the  conditions  studied  by  Quenzel. 
Larger  sizes  could  be  sampled  by  longer  wavelengths.  However,  there  is  an  upper  bound  of  approxi- 
mately 2-2.5  pm  since,  as  cli  *y  indicated  by  the  Figure,  the  efficiency  of  larger  particles  is  rela- 
tively the  same  at  all  longer  w.i . elengths.  Sampling  of  sizes  smaller  than  approximately  0.  1 pm 
is  also  bounded  by  O2  and  O3  absorption  bands.  Numerous  similar  curves  for  single  particle  scatter- 
ing can  be  found  in  van  de  Hulst,  H.  C.  (1957)  and  Deirmendjian,  D.  , (1969).  Plots  of  the  modified 
kernel 

K(X,  o)  = xfn  10  X 10-®  , m(X)j  , 
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where  c = logjQr  end  m(\)  e i,  50,  have  also  been  published  for  0,  350  s \ s 2.  270  pm  (Yamamoto,  G. , 
and  Tanaka,  M.,  1969). 

The  reason  for  this  change  of  variable  is  the  following:  if  the  Junge  distribution  is  assumed  to  be  a good 
model  for  atmospheric  aerosols,  then  f(o>)  = 10^®n(or)  will  not  change  much  with  This  property  will 
indeed  make  the  determination  of  fio)  easier  than  that  of  the  original  n(r). 

These  latter  curves  have  essentially  single  well-defined  maxima.  However,  the  maxima  strongly  over- 
lap which  will  cause  some  concern  in  the  resolution  in  a achievable  in  the  inverse  problem.  For  the 
Gamma  distribution  (I)  with  m = 1.34,  c = 1,  o = 2 and  p = 15  (this  corresponds  to  a haze  model),  curves 
of  Qext  various  V s are  provided  in  Fig.  1.  The  particle  radii  vary  between  0.  005  and  6.  0 pm. 

(For  each  wavelength,  only  seven  values  of  Qext  were  computed  and  smooth  curves,  which  necessarily 
may  not  reproduce  ihe  exact  curves,  were  drawn.) 

In  the  particular  case  of  a monodispersion;  n(x)  = N6(x  - ^ig),  where  6 is  Dirac' s function  and  xg  is  the 
common  size  parameter,  it  maybe  noted  th.’.t  Eq.  (11b)  reduces  to 


E[\;m,XQ]  = Nirk‘^  Xg  [Xq,  m(X.)-]  . (11c) 

2 

This  expression  has  been  used  for  experimentally  determining  the  quantity  Nxg  Qext  [*0*  '’Y 

Pepin,  T.  J.  (1969)  at  X.  = 0.  367,  0.  43,  0.  595  and  0.  91  |im.  It  forms  the  basis  of  the  Stratospheric 
Aerosol  Measurement  (SAM-II)  Experiment  on  Nimbus  G (McCormick,  N.  P. , 1975). 

5,3  Inverse  Methods:  Determination  of  Effective  Size  Distribution  Model  Pap^ameters 

Within  a range  of  wavelengths  of  interest,  and  assuming  that  m(\)  is  known  within  this  range,  the  follow- 
ing methods  have  been  developed  for  extracting,  from  measurements  of  E(\),  effective  parameters  for 
model  size  distributions. 

5.3,1  Junge' s Method 

Inserting  Eq.  (la)  converted  to  the  variable  x into  Eq.  (11b),  this  latter  equation  becomes; 


E(\;o)  = wck 
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f-- 

Jo 


(X;  x)  x^'*  dx 


(12) 


Figure  2 displays  the  variations  of  Qext  with  X for  the  same  conditions  as  Fig.  1.  Curves  are  given  for 
three  different  refractive  index  values  covering  approximately  the  range  of  possible  index  values  for 
aerosols;  sets  of  curves  are  provided  for  radius  values  r = 0(1)6  pm.  The  curves  for  water-type  nero- 
sols  are  seen  not  to  exhibit  any  systematic  feature.  However,  for  the  other  two  refractive  indices, 
especially  for  r 2 2 pm,  the  curves  are  almost  the  same  to  the  accuracy  of  the  graph.  They  also  show  a 
slow,  slightly  and  monotonouslv  increasing  variation  with  increasing  X.  These  results  suggest  that 
beyond  a certain  refractive  index  and  particle  radius,  the  aerosol  extinction  is  virtually  independent  of 
refractive  index  at  all  radii  and  a slowly  varying  function  of  X,  at  least  in  the  visible  region.  A more 
detailed  study  is  however  needed  in  order  to  determine  the  index  and  radius  cut-off  values  beyond  which 
these  preliminary  conclusions  would  generally  hold.  Under  these  conditions,  the  knowledge  of  the  refrac- 
tive index,  postulated  at  the  beginning  of  this  section,  is  not  even  necessary.  Furthermore,  the  variation 
of  Qext  with  X could  be  parameterized  in  a very  simple  fashion  so  that  the  integral  in  the  right-side  of 
Eq.  (12)  becomes  a known  function  of  a,  say  q(<»).  And  we  can  write; 


E(X;o)  - q(o)  X^'"  . 


(13) 


The  problem  is  now  an  extremely  simple  one.  It  consists  in  fitting  the  experimental  curve  E(X)  with  the 
function  q(o)  X^-c  by  trying  successively  several  a values  until  a satisfactory  agreement  has  been 
reached.  The  value  of  a providing  such  a match  will  then  be  used  in  Eq,  (la)  to  yield  n(r).  This  method 
was  proposed  earlier  by  C.  Junge  (1963)  for  more  restrictive  conditions  than  those  considered  here.  It 
agrees  with  the  well-known  empirical  formula  of  A.  K.  Angstrom  (1970)  for  atmospheric  aerosols: 


E(X;y)~  X'Y  , Y = o-  3 . 


(14) 


This  technique  has  been  widely  used  in  investigations  of  atmospheric  aerosols  (see,  for  example,  Pepin, 
T.  J.,  1970;  Shaw,  G.  E. , Beagan,  J.  A.,  and  Herman,  B. , 1973).  The  main  disadvantages  of  the 
method  are:  (i)  The  efficiency  factor  for  aerosol  extinction  is  assumed  to  be  a slowly  varying  function 
of  the  wavelength.  As  shown  by^  Fig.  2 this  is  true  only  beyond  certain  particle  radius  and  refractive 
index  values.  Nevertheless,  the  method  appears  to  lack  sensitivity  relatively  to  the  refractive  index. 
Thus,  for  values  of  this  parameter  in  the  range  m = 1.33  (pure  water)  and  m = 1.55  - Oi  to  1.55  - 0.  05  i 
(transparent  to  highly  absorbing  dry  sea-salt  particles),  it  has  been  claimed  that  the  recovered  size  dis- 
tributions are  not  substantially  different  from  one  another  (Quenzel,  H, , 1970),  (ii)  The  method  is 
model-dependent.  Note,  however,  that  the  power  distribution  with  2.  5 < o s 3.  5 has  experimentally  been 
found  to  describe  world-wide  pollution  for  a large  variety  of  continental  conditions  (Junge,  C.,  1963) 
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with  a wide  range  of  aerosol  concentrations  corresponding  to  a 1-100-km  visibility  range,  (iii)  It  does 
not  use  the  available  data  advantageously  for  arriving  at  the  solution.  The  data  play  only  the  role  of  a 
reference  against  which  computational  results  are  contrasted.  At  no  step,  however,  are  they  used  for 
improving  on  the  approximate  solution  derived  at  each  step  of  the  comparison. 

No  study  of  the  uniqueness  of  the  derived  size  distributions  is  available.  However,  authors  who  have 
used  the  method  (e.g.  , Quenzel,  H. , 1970)  report  that  grossly  di*'ferent  size  distributions  cannot  be 
derived  from  the  same  extinction  curve.  An  advantage  of  the  method  is  its  sensitivity  to  the  location 
of  the  mode  radius  and  the  slope  of  the  distribution. 

5.3.2  fymat' s Method 

This  is  a modification  of  Phillips -Twomey  Method  described  in  the  following  Section  in  the  case  where  a 
model  distribution  is  assumed.  The  minimization  of  the  relevant  quadratic  function  is  carried  out  using 
a minimization  search  procedure  instead  of  the  partial  derivative  concept  and  matrix  inversions  used  by 
Phillips  and  Twomey.  For  details  refer  to  Section  5,4.2. 

5.4  Inverse  Methods;  Determination  of  Effective  Size  Distribution 

The  following  methods  rest  on  the  same  .tjeneral  assumption  as  that  described  in  Section  5,3,  However, 
the  effective  size  distribution  is  left  completely  undetermined. 

5.4.1  Phillip 8 -Twomey  Method 

Return  to  Eq.  (lib),  which  can  bt  written  in  the  general  form 


g(x) 


K(x,  y)f(y)dy. 


(15) 


- 3 2 

where  the  known  hmctions  g(x)  = E(\)  and  K(x,  y)  = nk"  x Q[m(X.),x]  are  bounded  and  continuous. 

Because  n(x)  vanishes  at  both  ends  x = and  x = x^ax  (generally  m 0 and  Xj^ax  approaches  the 

noise  level  asymptotically),  the  original  integration  limits  (0,  a>)  have  been  replaced  by  (a, b),  so  that 
Eq,  (15)  is  truly  non-singular.  There  is  a basic  mathematical  difficulty  with  the  solution  f(y)  of  this 
equation,  namely,  the  solution  fails  to  be  either  unique  or  a continuous  function  of  the  observable  g(x),  or 
both.  It  is  first  noted  (Phillips,  D.  L,,  1962)  that  Eq.  (15)  is  unstable^  in  the  sense  that  large  (high- 
frequency)  changes  in  f(y),  i.e.,  6f  = sinut,  w » 0,  would  result  in  small  changes  in  g(x),  and  that  none 
of  previously  proposed  methods  has  been  successful  for  arbitrary  K(x,  y)  when  g(x)  is  known  with  some 
inaccuracy.  As  a result,  inversion  techniques  based  on  the  replacement  of  Eq.  (15)  by  an  algebraic 
linear  system  tend  to  give  unrealistic,  oscillatory  solutions,  even  though  the  residual  errors  in  the  fit 
to  the  observable  fun>  tion  may  be  small.  Thus,  in  order  to  obtain  a solution  of  Eq.  (15),  one  murt  take 
into  account  both  the  accuracy  of  g(x)  and  the  shape  of  K(x„  y);  these  two  factors  dictate  to  a large  extent 
the  success  of  the  method  of  solution.  This  remark  is  the  basis  of  the  method  of  Phillips -Twomey. 


First,  rewrite  Eq.  (15)  in  the  matrix  form 


= « + i . (16) 

where  « is  the  error  vector  attaehed  to  the  experimental  vector  g,  and  A includes  the  weight  factors  in 
reducing  Eq.  (15)  to  the  linear  system,  Eq.  (16),  by  a quadratur'e.  The  method  of  solution  is  apparented 
to  the  classical  methods  of  linear  programming  in  that  a certain  quadratic  function,  say  Q(f),  must  be 
minimized  subject  to  the  following  constraints:  (i)  Eq.  (16),  and  (ii)  ( varies  within  permissible  limits, 
e.g.. 


< e 


(constant)  . 


1 


The  introduction  of  the  latter  constraint  represents  the  error  criterion  which  will  enable  us  to  select  a 
stable  unique  solution  from  the  infinite  manifold  of  possible  solutions.  The  manifold  comprises  all  solu- 
tions whose  integral  transforms  lie  within  a prescribed  neighborhood  of  g.  This  conntraint  has  the  effect 
of  smoothing  f. 

T* 

The  problem  becomes  that  of  finding  f such  that  Q(£)  is  a minimum  and  € ^ t is  a constant.  (The  super- 
script T denotes  matrix  transpositioiT. ) If  y is  a Dagrangian  multiplier”  (this  is  the  smoothing  factor 
such  that  the  larger  y the  smoother  the  solution),  then  the  required  solution  is  provided  by  the  differential 
equation 

■^  { 1^1  + 'YQ(£)  I =0>  (17) 


This  is  a result  of  Riemann' s lemma,  as  pointed  out  by  Franklin,  J.  N.  (1970). 
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i.  e.,  using  Eq.  (16), 


4r  ( = 2 ' 

or,  writing  out  the  term  within  curly  braces. 


The  last  relation  will  still  be  satisfied  if  one  takes  the  transpose; 


A”^Af  + Y 


(18) 


Equation  (18)  will  provide  the  required  solution  f.  It  is  clear,  however,  that  the  explicit  form  of  this 
solution  will  depend  on  the  functional  form  of  the  quadratic  Q0  being  minimized.  When  minimizing  the 
Nth-difference  (Twomey,  S. , 1965)  Q(f)  can  be  written 

Q = f'^Hf  , (19) 

where  H represents  the  symmetrical  matrix  of  Nth-difference  coefficients.  Differentiating  Eq.  (19)  with 
respect  to  f and  substituting  into  Eq.  (18),  we  get  the  solution 

f = (a"^A  + yH)'^  A"^g  . (20) 


This  expression  derived  by  Twomey,  S. , (1963)  can  be  shown  to  be  entirely  equivalent  to  that  provided 
earlier  by  Phillips.  Equation  (20)  can  be  rewritten 


[(a'’^)'^a’’‘’a  + Y(AT)‘^H]f  = g , 

From  the  identity  (a'^)'^a'^  = (AA~^)^  ” ~ I (i  “ identity  matrix),  it  follows  that 

f=(A  + YB)'^g,  B=(A'^'^H,  (21) 


which  is  identical  to  Phillips' s result.  Twomey' s expression  is  preferable  to  that  of  Phillips  because  it 
requires  the  inversion  of  only  one  matrix,  i.  e. , A"^A  + yH,  instead  of  two  inversions,  i.e. , A"^  and 
(^  + yB)"1,  and  because  it  can  be  applied  to  both  square  and  rectangular  (overdetermined  systems) 
matrices  rather  than  .';quare  matrices  alone. 

Alternatively,  one  could  minimize  the  Squares  of  the  Absolute  Dei-  rturet  from  a Trial  Solution.  The 
quadratic  is  here  written 


Q = - P^)£.  (22) 

where  g is  the  vector  trial  solution.  As  earlier,  differentiating  Eq.  (22)  and  substituting  into  Eq.  (IG). 
we  obtain 


f = (a"^A  + Yi)'*  (A^g  +YP)- 


(23) 


One  could  also  minimize  the  Squares  of  the  Relative  Departures  from  a Trial  Solution.  The  former 
solution.  Eg.  (23),  is  still  valid,  but  the  I.agrangian  multiplier  matrix  yl  should  be  replaced  by  the 
matrix  yp"  , and  we  have^ 


i = (a"^A  +YP"^)~^  (A^g  +YP'^)- 


(24) 


where  p is  the  diagonal  matrix  of  elements  p^^. 


4 - 1 

A typographical  error  is  present  in  Twomey' s (1963)  expression;  one  should  read  yg  in  the  second 

bracket  and  not  yn. 
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Lastly,  one  could  also  minitnize  the  variance  by  simply  redefining  H in  the  above  expressions.  Generally, 
■we  can  write;® 


f = (a'^A  +yL)'^  (A'^g  +V?l).  (25) 

-2  - 1 

whore  for  L = H,  I,  g , we  have  pj^  = O,  P»  P > respectively. 

The  determination  of  y has  not  yet  been  discussed.  This  quantity  is  implicitly  determined  once  the  error 
bound  e2  has  been  assigned  a value.  In  practice  several  values  of  y are  tried  for  which  f is  computed  and 
then  A|  compared  with  g.  The  first  value  for  which  Af  - | is  leas  than  or  equal  to  t (where  « includes  all 
sources  of  error;  measurement,  truncation,  quadrature,  approximation)  can  usuafly  be  retained  as  the 
final  solution.  A more  refined  value  of  y can  of  course  be  obtained  by  studying  the  curve  « (y).  In  prac- 
tical experience,  it  ha;  been  found  that  y varies  quite  slowly,  so  that  its  selection  poses  no  problems. 

An  application  of  this  method  to  both  synthetic  and  experimental  data  is  available,  (Yamamoto,  G, , and 
Tanaka,  M. , 1963).  Equation  (lib)  ie  first  rewritten  in  the  form 


k(X)  + t(K) 


K(\,  a)  f(cr)cdQ'  , 


(26) 


where  all  quantities  have  been  defined  in  Section  5,2.  Yamamoto  and  Yanaka  used  both  solutions,  Eqs. 
(20)  and  (23).  The  solution  in  Eq.  (20)  was  fir^t  obtained  by  approximating  f with  a step-function  and 
then  subsequently  using  this  result  as  a trial  solution  in  Eq.  (23),  For  X.  e (0.  350-2.  270  p,m)  good  recon- 
structions of  the  size  distribution  n(r)  were  obtained  for  particle  radii  r C(0.  1-5  to  10  p.m).  Outside  of 
this  range,  the  distribution  is  systematically  overestimated  (see  their  Fig.  2). 

A two-dimensional  version  of  the  method  described  in  this  subsection  has  been  developed  (Tingey,  D.  L. , 
1972),  This  extension  is  of  interest  when  the  aerosol  under  study  is  a mixture  of  two  types  of  aerosols 
having  different  size  distributions.  A further  generalization  to  a higher  dimension  is  completely 
feasible. 

It  may  lastly  be  noted  that  the  smoothing  operators  yL  and  ygj^  introduce  long-period  departures 
from  the  true  solution.  A realistic  solution  to  the  inversion  problem  is  then  a compromise  between 
oversmoothing  and  noise  rejection.  In  other  words,  optimum  smoothing  operators  arc  sought  such  that 
all  errors  in  the  solution  (random  and  systematic  errors)  will  be  minimized,  that  is  to  say,  the  opera- 
tors are  determined  by  both  the  mathematical  method  and  the  input  data.  This  is  just  the  principle  of 
the  "optimum  Wiener  filter"  (Brault,  J,  W. , and  White,  O.  R, , 1971)  which  the  inversion  method  will 
try  to  determine  in  every  case. 

An  important  advantage  of  the  method  just  described  is  that  no  assumption  is  made  regarding  the  analyt- 
ical form  of  the  solution.  No  size-distribution  model  is  assumed,  which  is  an  attractive  feature  for 
aerosols.  The  method  has  been  successful  in  solving  a number  of  inverse  atmospheric  problems  (e.g,, 
determination  of  particle  size  distribution  from  measurements  of  either  direct  or  scattered  radiation 
and  from  diffusional  decay  measurements;  determination  of  vertical  ozone  distribution  from  light  scat- 
tering measurements;  determination  of  the  physical  conditions  inside  the  solar  atmosphere  from  the 
observed  limb  darkening  (Kunasz,  C.  V.,  Jefferies,  J.  T. , and  White,  O,  R. , 1973).  However,  some 
disadvantages  may  attach  to  the  method,  as  we  shall  attempt  to  describe.  The  key  element  of  the  method 
is  the  minimization  of  the  quantity  [ see  Eq.  (17)] 

T = + yQ(£).  (27) 


The  minimization  is  performed  using  the  classical  partial  derivative  concept  8/9f  which  can  be  carried 
out  analytically  only  in  part.  The  evaluation  of  3q/ 8f  remains  to  be  accomplished  [ see  Eq.  (18)]. 
Depending  on  the  form  selected  for  the  quadratic,  the  derivative  may  or  may  not  result  in  numerical 
difficulties.  In  any  event,  for  those  forms  of  Q studied  earlier,  this  derivative  could  be  obtained  simply. 
Nevertheless,  this  is  the  case  only  for  these  assumed  forms  of  Q,  One  may  conceive  of  other  expres- 
sions of  Q that  may  be  more  appropriate  to  any  given  problem  but  that  do  not  lend  themselves  to  straight- 
forward differentiation.  On  the  other  hand,  matrices  must  always  be  inverted  [see  Eqs.  (21),  (23),  (24), 
and  (25)  ] in  this  method.  Depending  on  the  quadrature  matrix  ^ and  on  the  smoothing  matrix  \j,  such 
inversions  may  conceivably  rssult  in  difficulties,  particularly  when  the  matrix  to  be  inverted  is  nearly 
singular  (this  happens  frequen'-ly  in  practice).  Lastly,  there  is  an  inefficiency  (admittedly  not  crucial) 
in  the  procedure,  since  it  is  required  to  repeat  the  complete  numerical  treatment  for  several  values  of 
y in  order  to  select  the  appropriate  y. 

The  method  to  be  described  next  is  a proposal  for  overcoming  these  difficulties  whenever  they  are 
present.  It  requires  neither  derivatives  nor  matrix  inversions. 


This  is  a more  general  expression  than  that  derived  by  Twomey,  S. , (1963). 


5.4.2  Fytriat*  8 Method 

Let  Ei  = E(X.j),  i = 1,  2,  ....  N,  denote  the  data  points,  and  Ej  = E(\.j),  j = 1,  Z,  . • . , M,  M > N,  the 
corresponding  computations  from  Eq.  (11b).  In  vector  notation  these  two  vectors  can  be  written  as  E 
and  E,  respectively.  Equation  (27)  becomes 

T'  = (E  - E)'^  (E  - I)  + vQ(f)  , (28) 

where  the  quadratic  Q is  of  order  j,  so  that  T’  is  also  of  order  j.  Instead  of  considering  the  squares  of 
the  absolute  residuals  (first  term  on  the  right-hand  side  of  the  last  equation),  we  may  alternatively  con- 
sider the  relative  residuals,  so  that 


T"  = [a|~^(E  - E)]'^[g|'^E  - I)]  +yQ(f), 


where  o is  a diagonal  matrix  of  elements  {oj}  accounting  for  the  spectral  resolution  of  the  data  or  their 
relative  accuracy  or  both.  The  function  T = T' , T*  ' is  to  be  minimized.  For  example,  in  the  case 
where  Q is  a difference  expression  of  arbitrary  order,  Eq.  (28)  can  be  " ritten  explicitly: 


M M 


k=l  j=l 


where  the  integration  on  the  right-hand  side  of  Eq.  (11b)  has  been  replaced  by  an  appropriate  quadrature 
with  matrix  elements  Dxj,  and  n]^,  1 = k,  j,  is  the  size  distribution  at  the  1th  quadrature  point.  The 
function  T = T' , T'  ' represents  the  equation  of  a hypersurface,  and  it  is  required  to  find  the  minimum, 
say  Tonin'  surface.  Various  methods  are  available  in  the  literature  for  finding  the  minimum  of  a 

function  without  computing  derivatives;  see  more  particularly  the  minimization  search  method  (MSM) 
utilized  for  inverse  radiative-transfer  problems  (Fymat,  A,  L. , 1972;  Fymat,  A.  L. , and  Kalaba,  R.  E, , 
1974).  If  indeed  T presents  a unique  minimum,  then  with  some  experience  in  the  use  of  optimization 
methods,  this  could  be  a highly  successful  method.  There  are  two  different  ways  in  which  the  method 
could  be  used. 

(i)  Model  of  n(r)  postulated.  Assume  that  the  Gamma  distribution  (II)  is  an  appropriate  model.  Then, 
with  Eq.  (le),  Eq.  (lib)  becomes 


i;a,  b)  = I 

Jo 


Q(m(X.),  x]x 


(l-b)/b  -x/kab 


where  the  constant 


.l/b-2r/  1 


will  be  assumed  to  be  known,  for  simplicity.  The  function  T therefore  contains  the  two  dependent  vari- 
ables a,  and  b,  and  the  problem  reduces  to  that  of  the  determination  of  that  doublet  (a,  b)  that  minimizes 


(ii)  ' Model  of  n(r)  Not  Postulated.  A discrete  version  of  Eq.  (11b)  is  obtained  by  replacing  the  integral 
by  a finite  sum  using  an  accurate  quadrature  formula  of  order  M.  Since  n(x)  is  usually  bounded  at  both 
ends,  smooth  and  monotonic,  a very  high-order  quadrature  may  not  be  required.  We  obtain: 

M 

E(X)  = A ’"j' 

j = l 

where  wj  are  the  weights  of  the  corresponding  quadrature  points,  Qj  = Q[m(X),xj],  and  A = irk"^. 

Now,  it  is  possible  to  generate  n(x^)  by  the  trsuislation  process 


n(x.)  = (x.)  , 

1 J ' r 


1 
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where  is  some  arbitrary  initial  distribution  and  6j  are  unknown  coefficients.  (Note  that  the  translation 
may  operate  on  any  point,  whether  of  the  quadrature  or  not. ) On  substituting  Eq.  (32)  into  Eq.  (31),  we 
get 


E(\;6j) 


= A 


j = l 


n<°)  (Xj)  6.W. 


(33) 


The  problem  is  now  that  of  the  determination  of  the  minimizing  multiplet  (6i,&2'  * ■ • >^M)*  minimiza- 

tion of  the  corresponding  T function  by  the  MSM  is  of  course  possible.  The  smaller  M is,  the  easier  it 
will  be. 

The  application  of  the  MS^l  just  desci  ibed  to  the  reconstruction  of  the  particle  size  distribution,  whether 
a model  of  the  distribution  has  been  assumed  or  not,  has  not  yet  been  tested  numerically  for  the  direct 
radiation. 

5. 4.  3 Hanson’ s Method 

Although  we  shall  limit  ourselves  to  Hanson's  (1971)  inversion  technique  based  on  a singular  value 
decomposition,  let  us  also  note  the  works  in  Smithies,  F. , 1958;  Golub,  G. , and  Kahan,  W. , 1965; 

Baker,  C.  T.  H. , Fox,  L. , Mayers,  O.  F. , and  Wright,  K. , 1964.  The  technique  begins  with  the  finite- 
sum  approximation  of  the  infinite  integral  in  Eq.  (lib); 


U = g-  (34) 

S 

However,  rather  than  considering  t as  in  Eq.  (16),  a we^hted  least-squares  version  of  Eq.  (34)  is  used, 
in  which  the  weighting  diagonal  matrix  W = diag  (o-j^,  o'l  , • • • where  o-j  is  the  standard  deviation  of 

the  ith  element  of  £,  is  introduced,  so  that  Eq.  (34)  becomes 


WAf  = Wg. 


(35) 


Recall  that  ly  is  an  N X N matrix,  A is  an  N X M (quadrature)  matrix,  f is  an  M- vector,  and  g is  an 
N-vector,  M £ N.  Hanson  suggests  using  for  the  elements  of  f ang  g,  the  following; 


f(y.)  5 f . = f[yQ  + (j  - l)Ay],  j = 1,2 M,  (36) 


i,  e, , the  y-  appearing  in  the  kernel  in  A are  equally  spaced,  and  the  xj,  i = 1, 2,  . . . , N,  consist  of  all 
P 2 N soluuons  to  equations  of  the  form 


g(^i)  - gi  = gg  + i^g'  * = 1,  2,  . . . , N, 


(37) 


where 


Ag  = 


‘N+1 


- 8r 


N + 1 


(38) 


In  so  doing,  the  x£  are  chosen  in  a manner  that  takes  into  account  the  variations  of  g (they  are  chosen 
most  densely  in  regions  of  rapid  changes),  and  that  uses  only  the  observed  subdomain  of  g.  This 
approach,  although  not  compulsory,  has  the  drawbacks  that  it  requires  an  initial  fitting  and  smoothing 
of  the  experiment  al  data,  and  the  numerical  solution  of  the  N equations  in  Eq.  (37). 

The  problem  is  now  to  solve  Eq.  (35).  For  this  purpose,  a singular- value  decompoaition  of  the  N XM 
product  matrix  W A is  first  performed,  i.  e., 


WA  = U 


■^M 
. 0 J 


T T 

^ = y?M,or> 


(39) 


T \ 

where  U is  an  N X N orthonormal  matrix,  V is  an  M X M orthonormal  matrix,  and  Xm  = diag  ()*j, 

X2>  • • . , Xfj^),  where  { xj}  is  the  non- increasing  sequence  Xi>  X2  - ••*  2 Xj^  - 0 singular  values  < 


- r -|i4»  r — ,l  " * J " «=»  -»  - - ’ ” C ~ ~ ~ ' 

(i.e.,  the  positive  square  roots  of  eigenvalues  of  A*  A).  Equation  (35)  then  becomes 


of  A 


Wg. 


(40) 


T 

The  vector  Y f in  this  last  equation  is  simply  the  solution  f projected  on  the  increasingly  oscillatory 
columns  of  yT,  As  earlier,  the  direct  solution  of  Eq,  (40)  would  be  ill-conditioned.  As  a solution- 
stabilizing  process,  one  can  resort  to  the  smoothing  constraint  of  Phillips  and  Twomey.  Instead,  Hanson 
suggests  neglecting  the  contribution  of  the  highly  oscillatory  eigenvectors  which  correspond  to  small 
eigenvalues.  In  other  words,  in  place  of  Eq.  (40),  one  solves 


T T T 

V\f  S X.  jjV^f  = yVi, 


(41) 


with  Xi  = diag  (xj,x^, . . . ,Xj  < xj^^),  where  i is  the  largest  integer  such  that  the  contribution  from  eigen- 
vectors of  order  j > i is  commensurate  with  the  uncertainty  in  the  data.  The  solution  is  then 


t = wg, 

where 


(X^^  q)  - ^^Sg(Xj  , X2  , . . . , x^  ) . (^2) 

Important  advantages  of  this  technique,  which  resembles  a Fourier  filter,  are;  (i)  it  involves  minimal 
a priori  constraints  on  the  solution;  (ii)  it  reduces  to  a minimum  the  introduction  of  error  due  to  arbitrary 
constraint  or  data  redundancy;  (iii)  it  involves  no  derivatives;  and  (iv)  it  computes  no  inverse  matrices. 
[(Xi,o)"^  constructed  straightforwardly  from  the  elements  of  X;.]  Unvortunately,  no  numerical  study 
of  this  method  in  the  context  of  aerosol  size  distribution  is  available, 

5.4,4  Backus-Gilbert  Method 

Return  to  Eqs,  (15)  and  (16)  and  assume  that  the  errors  in  the  measurements  are  distributed  with  mean 
zero  and  a known  covariance  matrix  S given  by 


§. 


(43) 


whwe  E is  the  operator  of  the  expected  value  over  the  joint  probability  density  of  errors  t “ («  j,  c 7,  • . . , 
« n)-*'.  Other  distributions  of  the  errors  can  be  selected  if  desired.  ~ 


The  method  (Backus,  G. , and  Gilbert,  F. , 1970)  constructs  averaging  kernels  that  are  suitable  for  an 
inversion  of  Eq.  (15).  These  kernels  are  formed  by  linear  combinations  of  the  original  kernels  as 


A(y)  = a(y)  K(y) , (44) 

where  a = (aj,  az,  ....  a„)  and  g = (Kj,  K2,  ....  Kj,)*^  with  Kj,  i = 1,  2,  ....  n being  the  kernels 
corresponding  to  the  n physical  measurements.  The  averaging  kernels  are  unimodular: 


A(y)  dy  = 


1; 


(45) 


they  can  be  used  to  form  weighted  linear  averages  of  the  solution  f(y)  over  the  range  (a,b): 


f 


A(y)f(y)dy. 


(46) 


The  coefficient  vector  a in  Eq.  (44)  is  determined  as  follows.  The  average  in  Eq.  (46)  can  be  considered 
as  representative  of  the  value  of  f al  some  y,  say  y = yo,  if  A is  large  around  yg  and  negligible  outside  of 
this  value,  i.e. , if  A(y)-  6(y  - yg),  where  6 is  Dirac's  delta  function.  Thus,  we  can  choose  g so  that 
A(y)  best  approximates  6(y  - yg)  in  a least-squares  sense.  The  condition 


[A(y)  - 6(y  - yg)]^dy  = 


(aK  - 6)2 


dy 


minimum 


(47) 
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therefor*  provide*  = j(y  = Yq),  from  which  the  local  average  of  f ie  determined: 


= yo> 


= 


y)f(y)  dy 


r 

I ?S<vo'  y)L^y)^y> 


where 


i.e. , if  g = (gj.g2*“**8n) 


f = (f^.f^.-.-.y^  ; 


Tyy=  Yq)  = Sq|. 


The  algorithm  starts,  therefore,  by  the  determination  of  ao  the  condition  in  Eq,  (47);  the  quantity 
thus  obtained  is  then  used  with  the  data  vector  g to  form  the  local  average  value  of  the  solution  in 
Eq.  (49).  The  procedure  is  then  repeated  at  as  many  values  of  y,  say  yj,  j = 0,  1,  2, . . . , m,  as 
desired.  The  complete  procedure  can  be  summarized  in  a compact  form  as  follows; 


[ («j!S  - 6j 


.)  dy  = minimum  =>  aj, 


f^^^  = Sjg.  j = 0, 1,  2, . . .,  m. 


Sj  = S(y  = Yj).  = (Y  - Yj).  and  7^*  - T^(y  = Yj). 

Now,  instead  of  the  minimizing  condition  in  Eq.  (50),  it  may  be  more  useful  to  minimize  the  spread 


■j)  ~ 

= 12  J*  (Y  - Yj)^{[ajK^(y)l  X [ajiS^(y)l}  dy,  u,  v = 1,  2,  . . . , n. 


where  X is  the  Kronecker  product.  And,  since 


[aj?S„(Y)]  X [a^K^(y)]  = a^  I K^(y)]X K^(y)  a? 


= a.S'a?,  {S'}  = {K  K }, 


we  have 


*lYj)  = SjSa.  . 
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where 


S = 12 


2 


S'  dy 


(55) 


with  elements 


Suv  =12  f (y-  y.)2K^(y)K^(y)  dy„ 


u,  V = 1,  2,  . . . , n. 


(56) 


The  spread  is  normalized  so  that  s(yj)  = w for  a rectangular  averaging  kernel  centered  at  y = yj  with 
width  equal  to  w and  height  equal  to  w~^.  The  values  of  a:  are  here  obtained  by  the  minimization  of 
£q.  (54),  The  algorithm  described  by  Eq.  (50)  and  (51)  remains  formally  the  same,  except  that 
Eq.  (50)  is  now  replaced  by 


= (V^) 


T 

a.Sa.  = minimum  a.. 


(57) 


In  addition  to  determining  aj,  the  spread  s(yj)  can  also  be  used  to  express  the  size  resolution  inherent 
in  g(y).  Furthermore,  besides  resolution.  It  is  necessary  to  consider  the  effect  of  inaccuracies  in  the 
given  data  vector  g on  the  error  in  the  solution  The  variance  of  this  latter  quantity,  say  v(j),  is 

given  by 


V 


(j) 


T 

Si§f  S;  • 


(58) 


As  shown  by  Backus  and  Gilbert,  improving  the  resolution  (i. e.,  decreasing  the  spread)  can  be  achieved 
only  by  degrading  the  accuracy  (i.  e. , increasing  the  variance),  and  for  any  physical  problem  some  trade- 
off between  these  two  quantities  is  necessary,  A trade-off  curve  (error  vs.  resolution)  is  usually  com- 
puted for  effecting  the  appropriate  compromise. 

The  real  advantage  of  the  method  is  not  its  claim  to  successful  inversion  of  experimental  data,  but  rather 
the  uniqueness  of  the  answer  it  provides  within  the  error  bars  determined  by  the  trade-off  (accuracy  vs. 
resolution).  No  application  of  this  method  to  direct  radiation  data  has  been  made,  so  that  it  is  difficult 
to  predict  how  well  it  will  perform  in  practice. 

5. 4,  5 Shifrin-Per il'  man  Method 

For  spheres  with  refractive  index  near  unity,  | m - 1 1 « 1,  H.  C,  van  de  Hulst  (1957;  Sec.  11,2)  has 
shown  that 


Q = 4Re{K(ip)}  , (59) 

where  the  phase-shift  parameter  p = 2x  |m  - i|  and  the  function 


K(w)  + ^ ^ ^ . (60) 

w 


In  the  case  of  non-absorbing  spheres  (m  real),  £q.  (S9)  becomes 


Q = 2-  4 +4  (61) 


van  de  Hulst  qualifies  this  result  in  the  following  manner:  "This  is  one  of  the  most  useful  formulae  in 
the  whole  domain  of  the  Mie  theory,  because  it  describes  the  salient  features  of  the  extinction  curve  not 
only  for  m close  to  1 but  even  for  values  of  m as  large  as  2"  (Ref.  loc,  cit. , pp.  176-77).  On  the  other 
hand,  for  an  absorbing  particle,  the  corresponding  expreesion  is 
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Q = 4Re{K(ip  + p tan  p)} 

= 2-4e*P*»"P  [«in(P-P)  + (^^)  co.(p  - 2p)] 


+ 4 CO"  2P. 

where  tan  p = n'/(«  - !)•  For  p = 0 (i.e.,  n*  = 0).  Eq.  (62)  reducee  to  Eq.  (61). 

Thereupon  Shifrin  and  Perel'man  (1963)  introduce  the  dimeuiionless  variablee 

a = . C = V • = A-^E(\)rQ.  (63) 


where  rn  i*  the  unit  of  length  and  p = 2i7(tn  - 1),  Then,  with  Eq.  (63).  Eq.  (11b)  with  the  variable  r 


ro 

becomes: 


■I 


g(^p)  = / K(p4a)m(a)da. 


(64) 


where 


K(pr,a)  = Q(m(X).  r).  m(a)  = a“n(a). 


(65) 


(Note  how  the  dimensionless  quantities  m(a)  and  g(vp)  are  connected  to  the  dimensional  quantities  n(r) 
and  E(X)  by  the  expressions  in  Eqs.  (64)  and  (65).l  Next,  apply  the  Mellin  transformation  to  both  sides 
of  Eq.  (64).  We  obtain  formally 


J ^ I K(p;a)m(a)dajd; 


-f 

Jo 


m(a)a" 


K(p;a)(;a)"‘^d(;a))da 


I K(pz)z*‘^dz  / m(a)a‘“da. 

Jo  Jo 


* = Ca, 


(66) 


that  is. 


G(8)  = L(s)M(l  - 8). 


(67) 


where  G.  L.  and  M denote  the  Mellin  tranaforms 

G(8)  = / t“‘^g(^P)d;, 

Jo 

L(s)  = I z“”^K(pi)dE. 

Jo 


12-17 


aMlJ^ 


Hence 


■ /‘-‘ 


M(s)  - I B m(a)da. 


£+i« 

Ml 

im 


a ds. 


(68) 


(69) 


where  the  integration  can  be  carried  out  for  any  c = Ke(s)  for  which  Mellin  transformation  conditions  are 
fulfilled.  The  problem,  is  now  that  of  evaluating  G(s)  and  L(s).  It  has  been  considered  only  for  the  case 
of  non-absorbing  spheres.  Shifrin  and  Perel'man  have  shown  that  the  Mellin  transform  of  Eq.  (61)  is 


L(s)  = - ^ 0 (-2<Res<0); 

P (2  - a) 

amd  using  the  recursion  formula  for  I'-functions, 

r(B)cos2^  = 2r(l  - s)cob[tt(1  - b)/2]  ’ 

we  get 


(70) 


(71) 


L'^1  -■})  = - i (2p)^‘®(l  - a)r(8)  cos  2^  , (1  < Res  < 3). 
tr  6 


(72) 


They  have  also  shown  that  the  functions  G(i  - s)  and  G(1  - s)/L(l  - s)  are  both  analytic  within  the  range 
1 < Res  < 3.  Equation  (69),  where  G and  L are  respectively  given  by  Eqs.  (68)  and  (72),  is  the  analytical 
inverse  expression  providing  the  size  distribution.  The  main  advantages  of  this  approach  are  the  follow- 
ing: (i)  An  analytical  inversion  formula,  rather  than  a completely  numerical  inversion,  is  provided. 

(ii)  The  formula  is  strictly  applicable  for  non-absorbing  particles  with  m near  unity.  However,  since 
the  Mellin  transform  G can  be  evaluated  numerically  (without  necessarily  effecting  the  corresponding 
integration  analytically  as  in  Eq.  (72)]  the  case  of  absorbing  particles  raises  no  serious  difficulties. 

In  addition,  as  stated  earlier,  it  is  expected  that  the  formula  will  hold  approximately  true  for  refractive 
index  values  up  to  2.  (iii)  No  assumption  is  made  regarding  the  shape  of  the  size  distribution. 

The  method  has  been  used  extensively  by  Shifrin  and  his  collaborators.  The  work  of  these  authors  indi- 
cates that  one  main  drawback  of  the  method  is  the  necessity,  for  inversion  purposes,  of  knowing  the 
entire  spectrum  of  E(X)  (or  g(^p)]  for  k € (0,  <o), 

5.  5 Inverse  Methods:  Determination  of  Effective  Complex  Refractive  Index  and  Size 
Distribution  Model  Parameters 


The  basic  assumption  here  is  only  that  the  refractive  index,  which  may  be  complex,  is  constant  through- 
out the  wavelength  range  of  interest.  The  problem  is  therefore  the  determination  of  both  the  real  and 
imaginary  parts  of  the  index  and  the  distribution  parameters.  Only  the  following  method  has  been 
developed, 

5.5.1  Fymat'  s Method 

Consider  again  the  Gamma  distribution  (I)  for  example.  As  in  Section  5.4.2  denote  by  E(\;  mj.,  mi;o,  (3) 
the  model  computations  of  Eq.  (lib)  and  by  E(X;mj.,  mj;  o,  p)  the  corresponding  measurements.  The 
dependence  of  both  these  quantities  on  the  refractive  index  and  the  size  distribution  has  been  explicitly 
written.  Now,  using  the  euclidean  norm,  we  define  the  objective  (or  performance)  function: 


S(m^,  m.;  n,  p)  = ^[E(\)  - E(\)]2  . (73) 

X 


This  is  the  equation  of  a four- surface.  Its  minimum,  that  is  that  quadruplet  (my,  mj;  a,  p)  that  minimizes 
the  sum  of  squares  of  absolute  deviations  figuring  in  the  right  side,  provides  the  solution.  The  number 
of  unknown  parameters  can  be  increased  such  as  may  be  required  by  multimodal  distributions.  Also,  a 
norm  different  from  the  euclidean  norm  could  be  used  in  the  definition  of  the  objective  fur.ction  S.  (We 
have  already  introduced  the  relative  deviations  in  Section  5.4.2.) 
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Ab  an  example,  Table  2 illuitrates  a sample  result  for  the  Gamma  (I)  distribution  with  o = 2 (fixed).  In 
the  above  example,  the  measurements  were  simulated  by  using  Eq,  (lib)  foi  the  set  of  nine  wavelengths; 

\ = 0,40,  0.45,  0.49,  0.525,  0.575,  0.61,  0.64,  0.67,  and  0.70  pm.  As  for  Figures  1 and  2,  the  size 
distribution  extended  from  0.005  to  6,0  pm.  Although  this  result  has  not  been  optimized,  it  is  seen 
that  the  highest  accuracy  is  obtained  in  recovery  of  the  distribution  parameter.  Excellent  accuracy  is 
also  the  case  for  the  real  part  of  the  refractive  index;  the  imaginary  part  of  the  index,  however,  is  not 
as  sensitive  to  direct  radiation  and  can  be  determined  only  to  within  few  percent.  With  the  inverse 
solution  thus  determined  the  transmission  was  recomputed.  It  is  contrasted  with  the  "measured"  trans- 
mission at  all  wavelength  channels  in  Table  3.  The  table  shows  that  the  corresponding  relative  errors 
are  only  fractions  of  ore  percent  at  all  but  the  two  wavelengths  0.  61  and  0.  64  pm. 

The  results  presented  in  Tables  2 and  3 are  preliminary.  An  extension  to  include  a larger  number  of 
distribution  parameters,  as  well  as  the  determination  of  the  minimal  number  of  required  wavelength 
channels  and  an  error  analysis  are  needed.  Nevertheless,  they  show  the  following  advantages  of  the 
method:  (i)  Extremely  high  sensitivity  to  the  size  distribution,  (at  least  to  the  modal  radius),  (ii)  Very 
high  sensitivity  to  the  real  part  of  the  refractive  index,  (iii)  Smaller  sensitivity  to  the  imaginary  part 
of  the  index  which  remains,  however,  very  adequate.  For  very  little  absorbing  aerosols,  the  expected 
accuracy  in  retrieving  the  imaginary  part  is  expected  to  degrade  with  decreasing  values  of  this  param- 
eter. (iv)  It  does  not  appear  necessary  to  assume  that  the  refractive  index  is  known  as  in  the  methods 
of  Section  5.4;  it  is  only  assumed  that  it  remains  constant  over  the  spectral  range  considered.  An  exten- 
sion of  the  method  to  the  translation  procedure  described  earlier  in  Section  5.  4.  2 (ii)  although  in  principle 
feasible,  remains  to  be  investigated, 

6.  INVERSION  OF  RATIOS  OF  DIRECT  RADIATION  MEASUREMENTS 


Returning  to  the  general  equation,  Eq.  (11),  it  is  seen  that  if  the  z-dependence  of  the  integrand  in  the 
right-side  could  be  factored  out  as  a common  factor,  say  F(z),  i.  e.,  the  z-variations  of  particle  char- 
acteristic  length,  refractive  index  and  size  distribution  are  identical  for  all  j- species  of  particles, 
then,  we  could  write;" 


E(\;mj,nj(a)l 


F(z)  dz  X < I G(a)  (a,  m(k)l  n(a)da 


Now,  for  a single  aerosol  species,  denoting  by  (u,  v)  any  pair  of  wavelengths,  it  is  seen  that  the  ratio' 

„ rv  / = E(u;  m,  n(a)l 

R (X;m,  n(a)l  s 
u,  V ' • ' E (v;  m,  n(a)J 


G(a)Qej^tf®>  n(a)  da 


G(a)Q^^  (a,  m(v)l  n(a)  da 


is  z-independent  and  free  of  any  sys'lematic  error.  In  particular  in  the  case  of  spherical  particles,  this 
ratio  becomes; 


, r 

R^^(\;m,n(r)l  = (^)  — ^ 

Jo 


X Qgj^[x,  m(u)l  n(x)  dx 


The  problem  remains  the  determination  of  m sind  n(x). 


In  order  not  to  unduly  complicate  the  notation,  we  keep  the  same  notation  G,  Qext  before  and 

after  factorization. 

^The  use  of  extinction  ratios  appears  to  have  first  been  proposed  by  Burch  et  al.  (loc.  cit, ). 
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6. 1 An*ly«ia  o(  Direct  Problem 

A convenient  analyaii  ia  provided  by  contour  mapa  of  the  objective  function  now  defined  aa: 


Stm^.  mj:  n(x)l  = ^ - R^^]^  , 


(76) 


where  the  aummation  ia  carried  out  over  all  ratioa.  Although  in  principle  one  could  characterize  n(x) 
by  the  5:  tranalation  parameters  of  Eq.  (32),  a better  visualization  of  the  contour  maps  would  be 
achieved  by  limiting  the  number  of  such  parameters.  For  convenience,  therefore,  we  shall  use  the 
Gamma  (I)  distribution  with  a = Z (fixed)  ao  that  S reduces  to  S(mp,  mj;  p).  The  measurements 
were  as  before  simulated  by  computing  Eq.  (75)  for  the  case  mj.  = 1. 44,  m^  = - 0,  03  and  p = 15.0,  The 
computed  ratios  R^y  were  then  obtained  for  m^.  = 1. 34  (0.  01 ) 1. 54,  -mi^  = 0 (0.01)  0.10  and  P = 8(1)  31, 
i.e, , for  5, 544  cases. 

Figures  3 to  5 are  contour  plots  of  the  latter  surface  in  the  (mr,  mi)-parameter  space  for  the  three 
values  P = 8,  15  and  25  corresponding  to  modal  radii  0.25,  0.  133  and  0.  08  pm,  respectively.  For  these 
widely  different  p*  s,  it  is  seen  that  the  contour.plots  are  virtually  identical  indicating,  in  conflict  with 
a recent  claim  (Kuriyan,  J.  G.,  Phillips,  D.  L. , and  Chahine,  M.  T. , 1974),  that  the  extinction  ratio 
is  insensitive  to  the  distribution  parameter  p.  The  above  Figures  also  show  that  the  surface  S has  a 
single  unique  minimum  which  ia  located  at  the  exact  values  of  m^  and  mi.  A finer  (m^,  mi)  grid  about 
this  minimum  should  provide  the  precise  location.  However,  this  grid  approach,  which  may  otherwise 
be  visually  convenient  when  the  number  of  unknown  parameters  is  small,  is  nevertheless  time- 
consuming  and  inefficient  when  the  number  of  parameters  increases.  The  minimization  search  method 
is  considerably  more  systematic  and  efficient;  its  use  will  later  be  illustrated. 

Table  4 further  illustrates  the  insensitivity  of  the  extinction  ratio  data  to  p.  For  the  case  m^  = 1.44 
and  mi  = -0.  03,  the  figures  in  the  table  represent  the  relative  errors 


Ap  = 100 


R 


uv 


(p)  . R^^(15.0) 

R"  (iSTT)] 

uv'  ' 


(77) 


Various  areas  have  been  delimited  within  this  table;  these  correspond  to  the  level  of  insensitivity  to  p 
according  to  the  measurement  accuracy  following  the  code  indicated  below  the  Table.  For  example,  for 
a measurement  accuracy  of  0.  1%,  the  area  bounded  by  the  dotted  lines  represents  the  domain  of  uncer- 
tainty in  p;  it  is  seen  to  extend  between  approximately  p = 8 to  P = 23.  Even  for  the  extremely  high 
(unrealistic)  accuracy  of  0,001%  the  continuous  lines  in  the  table  indicate  an  insensitivity  to  p from 
approximately  11  or  12  to  18  or  19. 

The  contour  curves  for  p = 15  and  a = 1. 0 (0.  2)  3.0  are  indistinguishable  from  Figures  3 to  5 further 
showing  that  the  extinction  ratios  are  insensitive  to  this  other  distribution  parameter. 

6.2  Inverse  Methods;  Determination  of  Effective  Complex  Refractive  Index 
Independent  of  Size  Distribution 

As  just  demonstrated,  the  extinction  ratios  have  the  important  property  of  being  completely  insensitive 
to  the  size  distribution.  They  are  however  extremely  sensitive  to  the  complex  refractive  index.  One 
may  therefore  first  determine  this  parameter,  and  from  the  data  on  extinction  subsequently  reconstruct 
the  size  distribution.  It  appears  preferable  therefore  to  record  the  extinction  data  and  to  perform  their 
ratios  rather  than  to  register  ratios  only.  In  this  manner  the  same  data  could  be  used  for  determining 
both  the  refractive  index  and  the  distribution.  However,  if  only  the  index  is  of  interest,  or  if  the  dis- 
tribution is  to  be  reconstructed  from  different  data,  then,  of  course,  recording  the  ratios  only  should 
prove  sufficient. 

6.  2.  1 Fymat*  s Method 

Our  minimization  search  method  has  been  applied  to  the  minimization  of  the  S-function  in  Eq.  (76)  in  an 
extensive  set  of  experiments.  The  results  of  these  experiments  will  be  published  elsewhere.  Some 
are  illustrated  in  Tables  5 and  6.  The  nine  wavelengths  indicated  in  the  first  column  of  Table  3,  denoted 
sequentially  by  0,  1,  ...,  9,  define  the  nine  ratios  R^^.  The  "true"  values  of  the  complex  refractive 
index  and  the  size  distribution  parameter  are  listed  in  the  second  row  of  Table  5.  The  MSM  was  then 
initiated  with  various  initial  guesses  for  m,,  mj  and  p.  The  results  in  this  last  Table  show  that  (i)  As 
expected  the  ratios  Ryy  are  insensitive  to  p as  already  demonstrated  using  the  contour  analysis  of  the 
direct  problem.  In  the  3-dimensionaI  parameter  space  (mj.,  mj,  p),  the  inversion  proceeds  almost 
parallel  to  the  p-axis.  This  is  so  because  the  final  recovered  value  of  p is  essentially  the  same  as  the 
corresponding  initial  guess;  (ii)  Both  components  of  the  complex  refractive  index  can  be  retrieved 
extremely  accurately  (see  the  relative  errors  in  columns  4 and  6).  (iii)  When  the  ratios  are  recom- 
puted with  the  inverse  solution,  they  do  not  depart  from  the  true  ratios  by  more  than  few  units  in  the 
4th  or  6th  decimal  place.  This  is  shown  in  the  last  column  of  Table  5,  only  for  the  non-identical 
ratios. 

The  sensitivity  of  the  inverse  solution  to  the  number  and  accuracy  of  the  measured  ratios  is  illustrated 
in  Table  6,  It  is  seen  that  (i)  the  parameter  p is  completely  insensitive  to  both  the  number  and  the 
accuracy  of  the  ratios;  (ii)  The  accuracy  in  the  real  part  of  the  refractive  index  is  always  extremely 
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high  and,  although  it  degrades  with  noisier  data,  it  is  never  larger  than  fractions  of  a percent  for  two- 
significant  figures;  (iii)  The  accuracy  in  the  index  imaginary  part  is  also  high  but  it  degrades  more 
quickly  with  increasing  noise;  (iv)  There  is  no  substantial  improvement  in  the  inverse  solution  when 
increasing  the  nun*ber  of  ratios  from  six  to  nine  for  comparable  accuracy;  and  it  is  preferable  to  have  six 
accurate  ratios  than  nine  less  accurate  ratios;  (v)  Three  ratios  can  also  provide  accurate  inverse  solu- 
tions. However,  tests  not  illustrated  here  show  that  the  choice  of  these  ratios  influences  this  accuracy, 
particularly  that  on  m.. 

7.  SUMMARY  AND  CONCLUSIONS 

In  investigating  the  effects  of  absorbing  and  scattering  particulates  on  electromagnetic  wave  prona- 
gation  in  the  atmosphere,  we  have  seen  that  it  is  only  sufficient  to  consider  an  "effective"  working 
model  that  is  however  capable  of  mimicking  the  true  effects.  It  is  then  reasonable  to  utilize  a model 
particle  size  distribution  whose  parameters  consist  of  expressions  involving  up  to  fourth-order 
moments  of  the  distribution;  these  parameters  may  be  determined  experimentally.  Most  such  dis- 
tributions have  been  shown  to  belong  to  Pearson*  s family  of  distribution  curves.  The  basic  equation  in 
the  inverse  problem  of  reconstructing  the  distribution  and  retrieving  the  complex  refractive  index  is 
provided  by  Eq.  (11)  for  a mixture  of  an  arbitrary  number  of  gaseous  and  particulate  species.  Under 
certain  restrictive  aS!;umptions,  this  inversion  can  be  carried  out  in  a variety  of  different  ways.  The 
merits  of  these  methods  have  been  set  forth.  In  applying  Junge*  s method  for  inferring  the  power  dis- 
tribution parameter,  more  work  is  liceded  in  determining  the  ranges  of  particle  radius  and  refractive 
index  values  within  which  the  atmospheric  extinction  factor  is  truly  a slowly  varying  function  of  wave- 
length. Certain  shortcomings  of  the  Phillips -Twomey  method,  particularly  the  a priori  knowledge  of 
the  refractive  index,  can  be  overcome  by  an  application  of  the  author*  s Minimization  Search  Method 
(MSM)  to  either  a model  or  an  actual  distribution.  Numerical  work  is  however  needed  in  this  area. 
Applications  of  Hanson*  a and  Backus-Gilbert  methods  are  still  lacking,  while  an  extension  of  Shifrin- 
Perel*man  analytical  method  to  absorbing  particles  remains  needed.  In  those  wavelength  regions  where 
the  refractive  index  is  essentially  constant,  the  MSM  is  able  to  retrieve  with  high  accuracy  both  the 
complex  refractive  index  and  size  distribution  parameter(s).  Contrary  to  previous  assertions  it  was 
shown  that  extinction  ratios  are  completely  insensitive  to  the  size  distribution.  In  this  case,  a determin- 
ation of  the  complex  refractive  index  independent  of  size  distribution  effects  is  possible.  This  was 
demonstrated  with  highly  accurate  results  by  the  MSM. 

In  the  various  methods  listed  more  work  is  needed  with  the  following  objectives:  (i)  domain  of  sizes 
than  can  be  effectively  sampled,  particularly  the  upper  bound;  (ii)  minimal  number  of  wavelength  channels; 
and  (iii)  tolerable  experimental  noise.  Although  some  results  are  already  available  in  these  three  areas, 
ttieir  optimization  and  the  consideration  of  several  distributions  by  the  same  method  are  essentially 
lacking, 
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Table  1:  Pearson's  coefficients  for  some  parameterizatione  of  atmospheric 
particle  size  distributions 


Distribution 

^0 



*^0 

*>1 

1 

Power 

-O' 

0 

0 

1 

0 

Exponential 

P 

0 

0 

0 

1 

Normal 

0 

-2p 

1 

0 

0 

Gamma  (I) 

a 

-P 

0 

1 

0 

Gamma  (II) 

a(l  - 3b) 

-1 

0 

ab 

0 

Table  2:  Illustrating  the  Application  of  the  Minimization  Search  Method  to  the 
Inverse  Determination  of  the  Complex  Refractive  Index  and  Size 
Distribution  Effective  Mode  Radius 


Real  Part  of 
Refractive  Index,  m^ 

Imaginary  Part  of 
Refractive  Index,  mj^ 

2/Effoctive  Mode 
Radius,  |3 

Objective 
Function,  S 

True 

Inverse 

A(%) 

True 

Inverse 

A(%) 

True 

Inverse 

A(%) 

1.440 

1.441 

0.  069 

-0,030 

-0.  031 

3.  848 

15, 000 

15.  001 

0.  009 

4. 22  - 7 

Table  3;  Contrasting  the  Transmitted  Direct  Radiation  Computed  from  the 
Inverse  Solution  with  the  Simulated  Corresponding  Data 


X(pm) 

Direct  Radiation  Transmission 

Computed 

Simulated 

Relative  Error  % 

0.  400 

0. 828179-2 

0. 827608-2 

0.  069 

0.450 

0. 907967-2 

0.  91 1478-2 

0.  387 

0.490 

0.  977180-2 

0.  981614-2 

0.  454 

0.  525 

0. 993856-2 

0. 997020-2 

0.  318 

0.  575 

0,958635-2 

0.959207-2 

0.  060 

0.  610 

0. 891428-2 

0.  843517-2 

5.  375 

0.640 

0. 846704-2 

0. 889876-2 

5.  099 

0.670 

0.820403-2 

0.818091-2 

0.  282 

0.  700 

0. 783714-2 



0.  780071-2 

0.  465 

Table  5:  Illustrating  the  Application  of  the  Mininnization  Search  Method  to  Recovering 
the  Complex  Refractive  Index  and  Size  Distribution  Parameter 


Wavelength 

Ratios 


True  values 


Guess 

MSM* 


1.40 

1.43997  0.002 


0.01 

0.02999  0.033 


12.  0 
11.8804 


Guess 

MSM 


Guess 

MSM 


1.40 

1.43999  0.0007% 


1.38 

1.43998  0.001% 


0.  01 

0.02999  0.033 


0.  025 

0.02999  0.033 


18.  0 
17.  8802 


13,  5 
13. 1909 


ARq^=  0.  0001 


Minimization  Search  Method. 


Wavelength 

Ratios 


^00’  ^01' 
^02'  ^03' 
^04*^05’ 
’^Ob'  ^07’ 


^oo’^or 

^03’  ^04’ 
^06’ ^'08 


^ 1 1’  ^15’ 


Table  6;  Illustrating  the  Sensitivity  of  the  Inverse  Solution  for  the  Complex 
Refractive  Index  and  Size  Distribution  Parameter  to  the  Number 
of  Extinction  Ratios  and  Their  Accuracy 


Number 

of 

Signif- 

icant 

Figures 


True 

values 

Guess 


MSM 

MSM 

MSM 


m 

1 

1. 

44 

1. 

,38 

1. 

.43998 

1, 

,44015 

1, 

,43840 

1. 

, 44009 

1. 

,43716 

1. 

,44093 

1 

,44570 

0.  001 
0.010 
0.  11  1 


0.  03 
0.  025 


0.  02999 
0.  03007 
0. 02776 


0.  03009 
0. 02686 


0.285 
10. 483 


1.44093  0.065  0.03009  0.303 

1,44570  0,396  0.02656  11.455 


15.  0 
13.  5 


13. 1909 
13. 1874 
13. 3377 


13.  2460 
13.3280 


13, 3913 
13.  5131 
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Table  4;  Illustrating  the  Insensitivity  of  the  Extinction  Ratio  as  a Function 
of  Wavelength  to  the  Particle  Size  Distribution  Parameter 


>■ 

p 

0.45 

0.49 

0.  525 

0.  575 

0.  61 

0.  64 

1 

0.  67 

0.70 

C--X-  - X - - X 

- - X - - X - - 

K - - X - - x~  " 

f 

3 

__  0.0264 

0.0298 

0.0445 

^ 0.0832 

0.1264 

0.  1696 

0.  1908 

0.  1989 

9 

0.  0097 

0.  0110 

! 0.0164 

0.0306 

1 0.0466 

0. 0625 

0.  0702 

0. 0735 

10 

0.0035 

0.0040  j 

0.0060 

0.0112  ; 

0. 0171 

0. 0229 

0.0257 

0.  0273 

11 

0.0013 

0.  0015 

0.  0022 

0. 0042  1 

0.  0062 

b.  0084 

0.0089 

0.009*4 

12 

0.  0004 

0.  0006 

0.  0008 

0.  0015 

0.  0023 

0.  0030 

0.0030 

0.  0038 

13 

0. 0001 

0.0002 

0.  0002 

0.  0006 

0.  0008 

0.  0010 

0.  0010 

0.  0009 

14 

0.0000 

0.0001 

0. 0001 

0.  0002 

0.  0002 

0.  0003 

0.  0000 

0.  0000 

15 

0.  0000 

0.  0000 

0.0000 

0.  0000 

0.  0000 

0.  0000 

0.  0000 

0.  0000 

16 

0.0001 

0.  0001 

0.  0001 

0.  0001 

0.  0001 

0. 0002 

0.0000 

0.  0000 

17 

0.0002 

0.  0002 

0.  0004 

0.  0003 

0.  0003 

0.  0004 

0.  0010 

0.  0000 

18 

0.  0004 

0.  0007 

0.  0008 

0.  0009 

0.0010 

0. 0010 

0.0010 

0.  0009 

19 

0.0012 

0.0019 

0. 0023 

0.  0024 

0.  0025 

0.  0025 

0.  0030 

0.  0028 

20 

0.0033 

0.0052  ' 

0.  0061 

0.  0067 

0.  0066 

0.  0066 

0.0069 

0. 0066 

21 

0.0088 

0.  0141 

0. 0167 

0.  0182 

0.0177 

0.  0177 

0.0188 

0.0179 

22 

0.  0238 

0.0384 

0.0453 

0.  0493 

,0.  0482 

0.  0478 

0.^0494 

^ 0. 0490^ 

23 

"O.  0W5  ' 

oVl04i 

0.  1229 

0. 1336 

0.  1305 

0,  1304 

0.  1325 

0.  1320 

24 

0.  1742 

0.2817 

0.3325 

0.3617 

0. 3532 

0.  3503 

0.3588 

0.  3563 

25 

0.4675 

0.  7570 

0.  8943 

0.  9733 

0.  9502 

0.  9432 

0.  9658 

0.  9595 

26 

3. 1770 

2.9293 

1.  8157 

0.3927 

0. 0210 

0.  7765 

0,  9262 

0.6098 

27 

1.7884 

0.0926 

0.8605 

1.7033 

0.  1176 

0,  5073 

2.7075 

3.  5535 

28 

3.3692 

1.5580 

4.0406 

6.0713 

2.  9787 

4. 6707 

2.3339 

2.4582 

29 

. 6.9479 

5.  2720 

4.  1998 

2.9636 

5.7156 

4. 0361 

10.  8785 

10.9422 

30 

16.3302 

4.0105 

11. 6555 

10. 8407 

6.6112 

7.  8650 

1.3394 

2.  5600 

31 

16.  7168 

4.6318 

11.  0039 

10.  1242 

5. 8426 

7. 0861 

2.  2034 

1.7098 

error  upper  bounds; 
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Fig,  1 Extinction  efficiency  factor  of  a polydispersion  of  particles  as  a function  of  size  parameter  for 

several  wavelengths 


IMAGINARY  PART  OF  REFRACTIVE  INDEX,  m. 


Fig.3  Contour  curves  of  the  surface  S(nif,  mj)  for  distribution  modal  radius  at  0.25  ptm  (IS  - 8) 


IMAGINARY  PART  OF  REFRACTIVE  INDEX,  m. 


Fig.4  Contour  curves  of  the  surface  S(mr,  mj)  for  distribution  modal  radius  at  0.133  #xm  (/3=15) 
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Institut  fUr  Oeophyslk  und  Meteorologie 
Universittlt  zu  Kdln,  Fed.  Rep.  of  Qermany 


Abatract; 

The  transfer  of  solar  radiation  in  one-dimensional  model  atmospheres  has  been 
computed  for  the  wavelength  range  from  o.2  to  3.58  ^m  with  an  iterative  solu- 
tion of  the  radiative  transfer  equation.  This  method  allows  detailed  conside- 
rations of  the  absorption,  heating  and  albedo  with  respect  to  multiple  aniso- 
tropical  scattering  in  the  atmosphere  and  reflection  at  ground. 

Absorption  by  0^,  H2O,  CO2,  O2  and  aerosols  has  been  taken  into  account.  The 
transmission  in  near  infrared  bands  of  CO^  and  H2O  is  approximated  by  exponen- 
tial series  derived  from  spectral  measurements  by  MOSKALENKO.  Various  vertical 
distributions  of  HgO  and  aerosols  are  considered  and  also  two  different  boun- 
daries are  used:  a rough  ocean  surface  and  a bright  sandy  desert. 

It  is  shown,  for  instance  that  as  a result  of  the  higher  albedo  of  the  sand 
surface,  the  absorption  increases  by  5 to  7 !(  depending  on  the  solar  height. 
Aerosol  layers  in  the  lower  troposphere  are  much  more  effective  respective 
to  absorptioii.  They  may  alter  by  almost  bo  % the  radiative  heating. 

1.  Introduction 

It  is  the  aim  of  the  research  reported  here  to  determine  accurately  with  com- 
putations the  diabatic  heating  of  the  atmosphere  and  of  the  ground  by  absorpti- 
on of  solar  radiative  energy.  The  computational  method  consists  in  an  iterative 
solution  of  the  radiative  transfer  equation  which  adequately  accounts  for  mul- 
tiple scattering  processes.  Polarization  effects  are  neglected,  due  to  their 
very  small  contributions  to  the  energy  fluxes  (Hansen,  1971).  Further  the 
atmosphere  is  assumed  inhomogeneous  only  in  its  vertical  extension.  The  solar 
spectrum  is  taken  from  2oo  to  358o  nm  according  to  LABS  and  NECKEL  (I968) 
and  divided  into  37  subintervals.  The  lower  boundary  is  chosen  to  be  a wind- 
roughend  ocean  surface,  or  a desert  sand  (after  DIRMHIRN,  1968).  Phase  functions 
for  molecular  and  particulate  scattering  have  been  mixed  in  each  spectral  inter- 
val according  to  the  ratio  of  coefficients  of  total  to  molecular  scattering; 
where  four  different  layers  are  considered. 

These  calculations  may  repeat  to  some  extent  many  others  reported  at  present 
in  the  literature,  but  it  is  tried  here  to  consider  rather  realistic  atmosphe- 
ric models  up  to  7o  km  altitude  and  to  check  the  influence  of  all  radiative 
transfer  parameters  (e.g.  scattering  and  transmission  functions)  on  the  deri- 
ved radiative  flux  divergences. 

2.  Atmospheric  models 

Most  of  the  results  shown  here  pertain  to  a subtropical  summer  model  (STS)  of 
the  troposphere  with  a mean  (after  Me  CLATCHEY  et.al.,  197D  and  also  a rea- 
listic (from  the  APEX  expedition  of  the  vessel  Meteor  in  1969)  water  vapour 
profile  in  the  troposphere  and  with  a constant  mixing  ratio  of  2.1o”^  g/g  in 
the  stratosphere  (Pig.  1).  The  abundance  of  CO2  and  0^  is  assumed  with  con- 
stant mixing  ratios  and  ozone  profiles  ot-e  taken  from  published  data  (Me  CLAT- 
CHEY et.al.',  1971,  Fig.  2),  Vertical  profiles  of  aerosol  and  molecular  scatte- 
ring coefficients  are  taken  from  ELTERMANN  (1968);  the  former  ones  are  altered 


13-2 


to  demonstrate  the  effects  of  the  stratospheric  (volcanic)  and  tropospheric 
(e.g. : Saharian  dust)  particle  layers  upon  the  radiative  heating  of  the  atmo- 
sphere. Throughout  all  calculations  a single  scattering  albedo  of  all  aero- 
sols of  w,  = 0,85  is  assumed, 

3.  Transmissions  functions  for  all  gases 

Absorption  of  solar  radiation  by  ozone  in  the  near  UV  and  visible  part  of  the 
spectrum  has  been  computed  with  transmission  functions  determined  for  fine 
spectral  intervals  by  ELTERMANN  (1968)  and  DOTSCH  (197o).  For  oxygen  (?6o  nm- 
band)  and  all  bands  of  watervapor  and  carbon  dioxide  mean  band  transmission 
functions  have  been  derived  from  spectral  data  published  by  Me  CLATCHEY  et.al. 
(1971)  and  MOSKALENKO  (1968,  1969),  respectively. 


3.1:  Approximations  with  finite  series  of  exponentials 

Since  these  band  transmissions  functions  are  non  - exponential  as  required, 
they  have  been  approximated  by  finite  series  of  exponentials  as  defined  in 
Equ.  (1)  ^ ,, 


where  = band  transmission,  where  A may  be  the  wavelength  of  the  band 

center, 

-w/  s number  of  terms 

^ - pressure  of  air;  = I0I3.5  mb 

- exponent  of  pressure  correction,  taken  from  data  sources  mentio- 
ned above, 

X = absorber  path  length 

The  coefficients  w;  , where  PC.  s 1,  and  the  exponents  b.  ( ^ 0) 

are  determined  with  a least  square  fit  method  with  a precision  of  about  1 X 
for  n<  8 even  for  extreme  long  path  - lengths.  An  example  is  shown  in  Pig.  3. 

The  oscillations  of  the  fit,  although  they  appear  to  be  very  weak,  are  respo>v- 
sible  for  errors  i^v'the  vertical  profiles  of  heating  rates,  since  they  cause 
drastic  changes  in  the  sign  and  magnitude  of  the  first  derivative  of  , 
which  is  proportional  to  the  flux  divergence  profile.  We  have  compared  such 
profiles  obtained  from  different  accurate  (1  % and  0.5  % as  largest  deviations) 
fits.  They  show  differences  in  various  levels  of  up  to  9 X,  but  the  total  ab- 
sorption in  an  atmospheric  column  remains  unaltered. 

The  transmission  functions  available  now  in  various  publications  deviate, 
unfortunaly,  very  considerably  as  it  is  shown  here  in  an  example  in  Fig. 

There,  mean  band  transmissions  for  two  water  vapour  bands  (y*vand  ^ ) have  been 
determined  from  data  by  MOSKALENKO  (1968,  1969),  HOWARD  et.al.  (1956,  here- 
r.fter  called  HBW)  and  CLATCHEY  et.al.  (1971). 

Using  MOSKALENKO'S  data  and  those  by  HBW  entirely  different  profiles  of  radia- 
tive flux  divergence  in  the  troposphere  are  obtained,  as  shown  in  Fig.  5. 

There  the  notations  HBW  1 and  HBW  2 refer  to  different  exact  approximations  by 
RASCHKE  and  STUCKE  (1973).  In  almost  all  layers  below  11  km  except  at  about 
8 km,  the  heating  calculated  with  data  by  MOSKALENKO  is  lower  than  the  others, 
which  show  different  extremes  due  to  oscillations  of  their  fits.  In  all  three 
calculations  almost  no  differendes  are  found  in  the  upper  stratosphere  and  lo- 
wer mesosphere  due  to  negligibly  small  absorption  by  water  vapour  and  carbon  dioxida 


A.  Contribution  of  various  radiative  transport  parameter  to  the  absorption 

An  impression  on  the  dependence  of  heating  in  varous  layers  on  the  solar 
Mnitfch  ancle  oan  be  obtained  from  Pig.  6.  There  curves  shift  not  only  due  to 
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Changes  of  the  incoming  a mount  of  radiation  but  also  relatively  in  their  shape. 
The  Blight  maximum  found  for  high  sun  at  about  8 km  moves  up  to  about  lo  km 
with  sinking  sun,  while  also  in  lowest  kilometers  the  absorption  increases 
relatively.  In  this  particular  model  the  absorption  in  the  troposphere  (o-17  km) 
increases  from  2o  $ ( = 7.5°)  to  22  !l  (37.5°)  and  28  i (65.5°).  The  contri- 

bution of  different  gaseous  components  to  the  tropospheric  heating  is  shown 
in  Pig.  7.  The  curves  1,  2 and  3 confirm  other  findings,  that  COg  contributes 
to  solar  heating  only  in  lower  stratospheric  and  upper  tropospheric  layers. 

The  absorption  in  layers  below  2 km  is  to  25  % due  to  absorption  in  aerosols, 
while  the  increase  of  path  length  by  multiple  scattering  contributes  up  to 
30  % to  the  heating  in  all  layers  below  2o  - 23  km.  The  absorption  in  all 
stratospheric  layers  is  dominated  by  ozone  and  reacts  very  sensitive  to  chan- 
ges in  the  near  ultraviolett  components  of  the  extraterrestrial  solar  spectrum. 
Integration  over  an  entire  day  of  insolation  yields  curves  shown  in  Fig.  8, 
which  still  show  a maximum  of  radiative  temperature  change  at  an  altitude  of 
8 - 9 km  and  even  higher  values  near  ground  and  near  the  stratosphere.  These 
curves,  and  also  others  in  Fig.  7,  show  a drastic  increase  of  the  absorption 
in  all  atmospheric  layers  up  to  23  km  altitude,  if  the  boundary  condition  is 
changed  from  an  ocean  surface  (with  mean  albedoes  between  3 - 15  S)  to  desert 
sand  ( - 3oS).  The  planetary  boundary  layer  then  receives  up  to  30  S more 

energy  and  even  stratospheric  layers  experience  a larger  heating.  In  other 
calculations,  not  shown  here,  it  has  been  shown,  that  for  high  cloud  surfaces 
the  radiative  heating  of  the  lower  and  middle  stratosphere  increases  more 
than  shown  here.  These  boundary  effects  need  to  be  parametrized  in  dependence 
on  the  cloud  top  albedo  and  altitude  and  ground  albedo,  respectively. 

It  should  be  mentioned  here,  that  computed  values  of  the  radiative  tempera- 
ture change  are  almost  independent  on  the  shape  of  phase  functions,  which 
however  alter  considerably  the  albedo  of  the  model  and  the  radiation  budget 
at  ground. 

3.  Dust  layers 

Special  attention  has  been  paid  to  atmospheric  dust  layers.  Sahara  dust 
cloud  occur  very  often  over  the  Atlantic  ocean  in  the  layer  atop  of  the  tra- 
de inversion  and  below  3 km.  Their  radiative  heating  effect  is  shown  in  Fig.  9 
(right  hand  side).  There  an  Increase  of  absorption  is  found  by  almost  22  % ~ 

66  % in  the  entire  troposphere,  while  on  the  other  side  the  albedo  raises 
from  7.8  to  2o  )(.  Thus,  a Saharlan  dust  cloud  increases  the  direct  solar 
heating  of  the  atmosphere,  in  particular  below  3 km,  but  the  ocean  itself 
receives  less  energy.  Such  effects  obtained  much  attention  during  the  OATS 
field  experiments. 

Simllarily  a stratospheric  dust  layer,  as  shown  in  Fig.  lo,  increases  the 
local  heating  and  may  cause  actual  increases  of  temperature.  Its  effect  on 
the  albedo  and  radiation  budget  at  ground  has  Leen  found  much  less  pronounced 
than  in  the  case  studied  before. 

6.  Conclusive  remarks 

The  results  described  briefly  in  this  paper  demonstrate  the  importance  of 
the  various  atmospheric  constituents , of  the  surface  albedo  and  of  transmission 
functions  on  computations  of  solar  radiative  heating  in  cloudfree  atmospheric 
models  with  realistic  vertical  stratifications  up  to  7o  km  altitude.  They  are 
only  a small  selection  of  calculations  done  so  far.  Further  studies  are  inten- 
ded to  obtain  a basis  for  proper  parametrlsatlon  of  solar  radiative  heating 
based  on  atmospheric  state  parameters  which  are  obtained  observationally  and 


also  in  circulation  models.  They  need  more  realistic  data  on  extinction  by 
particles  and  the  inclusion  of  clouds.  It  must  be  concluded,  however, 
that  the  success  of  this  work  depends  strongly  on  the  accuracy  of  transmission 
functions  for  watei^  vapour  and  perhaps  also  for  the  other  gases  and  aerosols. 
This  conclusion  should  stimulate  further  experimental  and  theoretical  work  in 
this  respect. 
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Vertical  heating  rate  profiles  computed  for  the  STS  model  over  ocean 
with  absorption  data  after  MOSKALENKO  (1968,  69)  and  HOWARD  et.al. 
(1956).  The  latter  are  taken  with  two  different  accurate  fits. 
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Vertical  ^leating  rate  profiles  computed  for  different  solar  zen:th 
angles  (model  STS  over  ocean). 
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Pig.  7 ! Vertical  heating  rate  profiles  oomruted  "or  the  STS  model  over  ocean 
(■'.)  neglecting  alternativelj  the  absorption  HjO  (2),  CO-  (3);  and 
over  a sand  surface  (t)  with  all  absorbers,  respectively' 


Fig.  8 : Daily  solar  heating  of  the  entire  atmosphere  above  ocean  (1)  and 
desert  sand  (2)  at  3o°N  and  a solar  declination  of  + 23°57'. 


i4-i 


The  Measurement  Programme  OPAQUE  of  AC/243, 
(Panel  IV/RSG.8)  on  "Sky  and  Terrain  Radiation" 

T.  Bakker 


Physics  Laboratorlum  NDRO-TNO 
P.O.  Box  2864 
The  Hague 
Netherlands 


SUMMARY 

Within  the  framework  of  the  Nato  Study  Group  AC/243(Panel  IV/RSG.8)  {formerly  AC/243(PaneI  III/ 
RSG.3)}  a measurement  programme  will  be  carried  out  regarding  optical  parameters  of  the  atmosphere  and 
environmental  characteristics.  These  measurements  will  be  carried  out  in  a synoptical  timescale  at  various 
locations  in  Western  Europe. 

The  aim  of  the  project  is  to  develop  a data-base  of  those  parameters  of  the  atmosphere  and  the 
environment  that  affect  or  may  affect  the  performance  of  optical  and  electro-optical  sensors  during  milita- 
ry operations.  From  the  correlation  with  the  meteorological  data  the  possibilities  of  forecasting  the  per- 
formance of  the  above-mentioned  sensors  will  be  studied. 

The  programme  consists  of  a minimum  required  set  of  parameters,  to  be  measured  at  fixed  times 
(every  hour  on  the  hour,  local  mean  time)  on  all  sites  during  a period  of  at  least  two  years.  Besides  at 
some  of  the  sites  a programme  of  recommended  additional  measurements  will  be  carried  out  during  limited 
time  periods. 

1 . INTRODUCTION 

Within  the  framework  of  the  Nato  Research  Study  Group  AC/243(Pane1  IV/RSG.8)  a measurement  pro- 
gramme will  be  carried  out  regarding  optical  parameters  of  the  atmosphere  and  characteristics  of  the  en- 
vironment. In  particular  those  parameters  will  be  measured,  that  effect  or  may  affect  the  performance  of 
optical  and/or  electro-optical  equipment  during  military  operations  and  missions. 

The  measurements  will  be  carried  out  In  a synoptic  timescale  at  various  measuring  sites,  whose' 
geographical  positions  are  scattered  over  Western-Europe.  The  measuring  period  will  be  at  least  two  years. 
The  meteorolog’  parameters  will  be  measured  at  the  same  time. 

The  ty  sf  missions  In  mind,  for  which  the  measurement  results  are  relevant,  are: 

Observation,  surveillance  and  reconnaissance 
Target  Identification,  acquisition  and  tracking 
Weapon-guidance  (e.g.  homing-systems) 

Weapon  delivery 
Countermeasures 

The  types  of  sensors,  Involved,  are: 

Image-intensif iers 
Low-light  level  television 
Gated-vlewing  equipment 
Far-infrared  Equipment 
Lasers 

2 AIMS 

The  aims  of  the  project  are  the  following: 

a.  To  develop  a data  base  of  the  relevant  parameters  of  the  atmosphere  and  environment,  allowing 
an  evaluation  of  the  above-mentioned  sensors  during  military  missions.  For  this  reason  the 
collected  data  must  have  statistical  meaning.  That  means  a sufficiently  large  number  of  data 
must  be  available.  It  must  be  possible  to  study  the  diurnal  and  seasonal  variations  of  the  para- 
meters from  the  data. 

In  order  to  determine  the  dependence  on  geographical  and  climatological  conditions  the  para- 
meters must  be  iveasured  on  corresponding  times  at  various  locations. 

b.  To  study  correlations  between  the  measured  parameters.  In  particular  the  dependence  of  these 
parameters  on  meteorological  and  climatological  conditions  will  be  determined. 

c.  To  develop  models  for  the  atmospheric  and  environmental  characteristics  which  can  be  used  for 
the  simulation  of  the  performance  of  optical  and  electro-optical  equipment  on  a compiiter. 

d.  To  develop  forecasting  techniques  in  order  to  estimate  the  performance  of  tho  above-mentioned 
sensors  during  military  operations  under  given  or  expected  meteorological  conditions. 

3.  ORGANIZATION 

In  order  to  realize  the  programme  a large  number  of  measurements  must  be  carried  out  at  various 
places  in  Western-Europe.  Preferably  the  geographical  locations  should  cover  the  areas  of  Scandinavia, 
Central  and  Southern  Europe  (including  the  Mediterranean  Sea).  The  only  real  solution  to  carry  out  the 
programme  would  be  on  a multi-national  basis.  The  responsibility  for  the  procurement,  installation,  opera- 
tion and  maintenance  of  the  measuring  equipment  must  be  taken  by  the  cooperating  nations. 

The  existing  Research  Study  Group  AC/243(Panel  IV/RSG.8)  {formly  AC/243(Panel  I1I/RSG.3  on  "Sky 
and  Terrain  Radiation"}  is  a very  suitable  group  to  handle  this  project,  because  the  proposed  measurements 
and  studies  fit  well  into  its  Terms  of  Reference.  As  a matter  of  fact  until  now  these  kind  of  measurements 
were  carried  out  in  an  un-coord inated  way  by  the  various  member  countries  of  this  group.  The  project 
OPAQUE  extends  and  streamlines  the  proqranmes  of  the  individual  member  countries  In  such  a way,  that  they 
merge  into  one  common  programme  of  measurements,  performed  at  a synoptical  time  basis  at  various  locations 
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In  Europe. 


4.  GENERAL  PHYSICAL  BACKGROUND 

The  performance  !jf  every  optical  or  electro-optical  sensor,  receiving  Information  through  the  at- 
mosphere Is  affected  by  absorption,  by  the  atmospheric  scattering  properties,  by  turbulences  and  atmos- 
pheric refraction. 

io  the  Important  parameters  to  be  measured  are: 

The  atmospheric  transmission 

The  luminance  (or  radiance)  of  the  atmosphere 

The  degradation  of  contrast 

the  turbulences 

These  quantities  are  functions  of  the  luminance  distribution,  the  microscopic  properties  of  the  at- 
mosphere (aerosols),  the  solar  irradiation,  the  reflection  of  the  terrain  background,  cloud  cover  etc. 

These  parameters  should  be  measured  In  the  wavelength  region  extending  from  the  visible  Into  the  far- 
infrared  region  (up  to  14  pm). 

In  the  far-infrared  region  the  apparent  radiation  temperature  of  the  terrain  and  Its  variation  in 
space  (clutter)  are  not  only  determined  by  the  momentary  Irradiation  conditions  due  to  the  sun,  but  they 
depend  strongly  on  the  conditions  during  the  past,  hours  too. 

In  general  the  factors  mentioned  have  a strong  Influence  on  the  amount  of  energy  received  from  a 
target,  on  the  reduction  of  the  observed  contrast  between  a target  and  Its  surroundings,  on  the  amount  of 
clutter  present  In  the  terrain,  in  which  the  targets,  to  be  observed  are  located  and  on  the  distribution 
(in  space  and  time)  of  energy  in  a transmitted  beam  of  radiation. 

5.  DESCRIPTION  OF  THE  PROGRAMME 

The  OPAQUE  measurement  programme  consists  of; 

The  minimum  required  programme 

Th  s part  of  the  programme  must  be  carried* out  at  every  measuring  station,  at  prescribed  times. (every 
hour  on  the  hour,  local  mean  time). 

A programme  of  recommended  additional  measurements 

These  measurements  will  be  carried  out  at  some  of  the  measuring  sites  only  and  mostly  during  limited 
time  periods. 

The  measurement  period  is  two  years 

5.1  The  minimum  OPAQUE  programme: 

The  following  parameters  will  be  measured  at  all  sites  every  hour  on  the  hour  (local  mean  time).' 

5.1.1  The  extinction  coefficISnt  d 

This  parameter  is  measured  In  the  photopic  spectral  wavelength  region.  This  coefflclSnt  may  be 
determined  either  by  measuring  the  beam  transmission  over  a given  distance  (Oe)  or  by  measuring  the  scat- 
tering of  the  atmosphere  (os)  with  the  help  of  a point  visibility  meter  or  nephelometer. 

The  meteorological  visual  range  Vfj  is  connected  with  the  extinction  coefficignt  by  the  relation: 

corresponding  to  a transmission  of  0,02. 

The  measuring  range  of  the  instrument  should  be  at  least  from  VN"  500  m to  10  km,  preferably 
It  should  extend  to  Vfj**  20  km. 

5.1.2  The  horizontal  Illuminance  Eh 

The  instrument  should  measure  the  illuminance  on  a horizontal  plane  during  day  and  night.  The 
dependence  of  the  sensitivity  on  the  wavelength  corresponds  to  a photopic  response  curve  (according  to 
the  definition  of  Illuminance). 

5.1.3  The  vertical  illuminance  at  four  azimuths:  E^  (N,  £,  S,  W) 

The  Instrument  should  measure  the  illuminance  on  vertical  planes.  The  normal  on  these  planes 
should  be  oriented  in  the  directions:  North,  East,  South  and  West  within  2°.  The  measurements  will  be 
carried  out  during  day  and  night.  The  dependence  of  the  sensitivity  on  wavelength  corresponds  to  a 
photopic  response  curve. 

5.1.4  The  path  luminance  towards  the  East  at  night:  Lp 

The  path  luminance  is  the  amount  of  light  scattered  In  a direction  opposite  to  the  direction  of 
observation  by  a column  of  the  atmosphere.  This  parameter  Is  directly  related  to  the  loss  of  contrast 
through  the  atmosphere  (see  appendix). 

The  parameter  Is  measured  by  a teleluminance  meter  looking  to  an  Ideally  black  target,  located 
at  a distance  of  100  m towards  the  East  of  the  teleluminance  meter. (See  fig.  1)  The  spectral  senslvlty 
of  the  measurement  system  Is  photopic. 
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5>l.5  Th«  path  luminanca  at  four  azimuths  during  day;  Fp 

The  same  parameter  mentioned  under  5.1. ^ should  be  measured  during  day  in  the  directions  N,E,S,W 
(+/2°).  The  sensivlty  of  night  and  day  path  luminance  meters  should  be  such,  that  there  Is  a range  of 
luminances,  over  which  both  Instruments  can  operate  simultaneously.  The  spectral  sensivlty  of  the  measure- 
ment system  Is  photopir  again. 

5.1.6  The  spectral  solar  transmission;  T^j 

The  measurements  will  be  carried  out  with  a pyrhel lometer.  This  instrument  remains  pointed  In  the 
direction  of  the  sun  and  measures  essentially  the  amount  of  sun  radiation  received.  It  has  a field  of 
view  of  approximately  S°30'.  From  this  measurement  the  total  atmospheric  transmission  Tsi  can  be  deduced. 
Besides  It  gives  information  about  the  irradiation  of  the  earth  surface.  This  is  important  for  correlation 
with  the  fluctuations  in  the  apparent  radiation  temperature  of  the  terrain  (clutter)  in  the  far-infrared 
region.  (See  5.2.3).  Moreover  the  sun  radiation  has  a strong  Influence  on  the  amount  of  turbulences  In  the 
atmosphere.  (See  5.1.8). 

This  parameter  will  be  measured  In  the  following  spectral  bands; 

1.  0,a,l(  t 0,03  pm 

2.  0,I|0  ± 0,03  pm 

3 . 1 , 60  + 0 , 05  pm 

h.  1,06  + 0,03  pm 

5.  0,75  + 0,03  pm 

6.  0,55  + 0,03  pm 

7.  Pho topic 

8.  Open  (0,35  - 3,5  •"») 

5.1.7  The  transmission  coffficIBnt  In  the  far-infrared  wavelength  region:  T| 

This  parameter  will  be  measured  over  a distance  of  500  m,  preferably  along  a track  close  to  and 
parallel  with  the  one  where  the  extinction  (See  5.1.1)  In  the  visible  region  Is  measured.  The  source 
should  have  a temperature  of  1000^>C.  The  measurements  will  be  carried  out  In  four  different  wavelength 
regions:  I .e. 


- 1 : 

3.4 

- 5.0  pm  band 

■ 2 : 

8 

- 12  pm  band 

3 : 

8.25 

-13,2  pm  band 

4 ; either 

2 

- 14  pm  band 

or 

3.4 

- 5,5  pm  band 

5.1.8  Temperature  fluctuation  parameter  (Dy)^  - { < (AT)^  > }i 

This  parameter  gives  an  indication  of  the  turbulences  present  In  the  atmosphere.  !t  is  an  Impor- 
tant parameter,  because  It  Is  related  to  the  ultimate  resolution  capabilities  of  observation  systems  over 
long  distances.  Besides  beam  wandering  and  beam  spread  of  laser  systems  (laser-designators,  laser-  range- 
finders, laser-trackers)  depend  on  these  turbulences  In  the  atinospheie. 

Due  to  the  delicate  nature  of  the  measuring  riquipnnent  It  Is  not  certain  at  the  moment  whether  this 
measurement  can  be  pei formed  automatically  every  hour  on  the  hour.  It  might  turn  out,  that  manual  operation 
Is  required.  In  that  case  this  parameter  will  only  be  measured  during  limited  periods  of  time. 

5.1.9  Meteorological  parameters 

Besides  the  Information  available  from  nearby  official  meteorological  stations  the  following  para- 
meters will  be  measured  at  the  measurement  sites: 

1 . temperature  : TT 

2.  dew  point  (or  relative  humidity):  T(jTj(or 

3.  pressure  : P.P.P. 

It.  wind  direction  dd 

5.  wind  speed  ff2  at  a height  of  2 m 

(If  possible  ffjn  at  a height  of  10  m too) 

6.  precipitation:  RR 

7.  rain  rate  : rr 

For  correlation  purposes  with  the  transmission  In  the  far-infrared  region  the  equipinent  to  measure 
the  rain  rate  rr  should  have  a short  time  constant.  ("Instantaneous"  rain-rate). 

5.2  ADDITIONAL  RECOMMENDED  KEASUREMENTS 

From  the  large  number  of  possible  additional  measurements  the  following  will  be  carried  out  or  are 
under  consideration. 

5.2.1  Measurement  of  some  of  the  parameters  mentioned  under  5.1  more  frequently  than  once  every  hour  and/ 

or  in  other  wavelength  regions  {e.g.  In  Che  near  Infrared  region  (0,6  - 1,2  pm)  or  at  specific  Im- 

portant laser  wavelengths  (0,9,  1.06,  and  10.6  pm)  }. 

5.2.2  Measurements  carried  out  from  airplanes  equipped  with  ineasurlng  apparatus. 

In  this  way  the  parameters  measured  at  various  heights  can  be  correlated  with  those  measured  at  the 
station  on  the  ground.  Measurements  from  airplanes  also  give  the  possibility  to  correlate  parameters 
measured  at  one  location  with  those  measured  at  other  places  within  a relatively  short  time. 

5.2.3  Measurement  of  the  apparent  radiation  temperature  of  the  terrain  and  of  characteristic  objects  In 
the  far-ltifrared  region. 

For  these  measurements  a special  Sky-  and  Terrain  Scanner,  scanning  along  a vertical  36D°  track  has 

been  developped  by  the  United  States  and  Is  planned  to  be  installed  at  some  of  the  measuring  sites. 

5.2.4  Measurement  of  aerosol  distributions. 

These  measurements  will  be  very  useful  in  the  Interpretation  of  the  measured  parameters.  In  particu- 
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lar  the  transmission  In  the  far-infrared  region.  It  will  give  a better  understanding  of  the  corre- 
lation between  the  measured  parameters  and  the  microscopic  constituents  of  the  atmosphere.  It  will 
certainly  be  of  much  help  In  forecasting  the  atmospheric  transmission  properties  In  the  far-infra- 
red regions  at  places  where  It  Is  almost  Impossible  to  measure  them  directly  (e.g.  at  the  hIgh-seas) 
At  many  sites  these  measurements  will  be  carried  out.  Besides  the  U.S.  Army  Atmospheric  Laborato- 
ries offered  to  Install  at  all  measuring  sites  equipment  to  analyze  aerosol  substances. 

5.2.5  Direct  contrast  loss  measurements  both  In  the  visible  and  far-infrared  regions. 

5.2.6  Laser  scatter  measurements. 

These  mensurements  are  Important  In  connection  with  detection  and  localization  of  laser  sources  In 
the  field  and  In  connection  with  the  security  of  laser-communication  links. 

5.2.7  Optical  turbulence  measurements. 

At  some  sites  optical  turbulence  measurements  will  be  carried  out  In  order  to  correlate  them  with 
the  measured  values  of  the  temperature  fluctuation  parameter  Oyi  (See  5.1.8). 

5.2.8  Measurements  with  observation  equipment. 

Occasionally  trials  with  observation  systems  will  be  carried  out  In  order  to  correlate  the  perfor- 
mance of  these  apparatus  with  the  measured  parameters. 

5.2.9  Cloud  cover  measurement. 

At  several  sites  the  possibilities  for  Installation  of  equipment  to  measure  automatically  the 
cloud  cover  during  day  and  night  are  looked  for. 

5.3  RELIABILITY.  CALIBRATION  AND  INTERCOMPARISON 

During  one  measurement  cycle  many  parameters  are  checked  and  cross-checked  in  order  to  determine 
the  reproducibility  of  the  measurements.  For  correlation  purposes  It  is  Important  that  the  conditions 
during  the  measurement  cycle  time  (some  minutes)  remain  constant.  For  that  reason  some  of  the  parameters 
will  be  either  measured  at  the  beginning  and  at  the  end  of  the  measurement  cycle  or  will  be  monitored 
during  the  measurement  cycle.  In  the  latter  case  the  maximum  and  minimum  values  of  the  parameter  will  be 
specified. 

In  order  to  ensure  that  the  measured  parameters  are  reliable  and  Intercomparable  a transportable 
calibration  and  Intercomparison  set  of  equipment  will  make  trips  along  the  sites. 

5.4  DATA  BANK 

All  measured  data  after  having  proved  to  be  reliable  will  be  sent  to  the  Databank.  The  United 
Kingdom  will  take  care  of  this  bank.  Periodically  an  output  of  all  the  received  data  will  be  sent  to  the 
participating  nations. 

Formats  and  codes  In  which  the  measured  data  must  be  sent  to  the  bank  have  been  prepared. 

6.  MEASUREMENT  STATIONS: 

At  this  moment  commitments  have  been  made  for  the  following  stations: 

1.  A station  at  Lolland  in  Denmark. 

This  station  Is  Installed  by  Canada  and  Denmark.  It  will  be  operated  and  maintained  by 
Danish  personnel.  It  is  located  close  to  the  sea. 

2.  A station  at  Happen  In  Germany. 

This  station  is  Installed  by  the  United  States.  It  will  be  operated  by  German  personnel. 

3.  A station  at  the  Airbase  Ypenburg(near  the  Hague)  In  the  Netherlands. 

This  station  will  be  more  ore  less  representative  of  an  urban  environment. 

4.  A station  at  Christchurch  in  the  United  Kingdom.  Besides  the  United  Kingdom  has  mobile  equip- 
ment to  perform  measurements  at  other  locations. 

5.  A station  near  TUbingen  at  the  SchwSbische  Alb  in  Germany. 

Germany  too  has  transportable  equipment  under  development  to  perform  measurements  at  other 
locations . 

6.  A station  at  Bruz  (near  Rennes,  Bretagne)  In  France. 

7.  A station  at  Trapani  (Sicily)  in  Italy. 

The  Italian  station  will  be  close  to  the  sea.  This  location  Is  representative  for  the 
Mediterranean  environment. 

7.  TIME  SCHEDULE 

The  first  station  (2)  Is  expected  to  be  In  operation  In  november  1975.  Stations  (l),(3).(4) 
and  (5)  are  expected  to  be  In  operation  in  early  1976.  Station  (6)  and  (7)  will  be  In  operation  In  summer 
1976. 

The  measurements  will  be  performed  for  at  least  2 years.  It  Is  expected  and  hoped  that  some  of 
the  stations  will  hn  in  operation  for  a longer  time  period  than  2 years, In  order  to  get  more  reliable 
statistics. 

8.  POINTS  OF  CONTACT 

Additional  information  regarding  the  above-mentioned  stations  can  be  given  by  the  representatives 
of  the  participating  countries  In  the  OPAQUE  project. 

Canada  : Mr.  G.A.  Morley 

Canadian  Defence  Research  Establishment  Valcartler 
P.O.Box  880 

Courcelette  P.Q.  GOA  1 RO 
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Denmark  : Mr.  N.C.  Nielsen 

Danish  Defence  Research  Establishment 
Osterbrogades  Kaserne 
DK  2100  Copenhagen  0 

France  : Mr.  C.  Germont 

SEFT/ST  - OPT 
Fort  d*  Issy 

92  Issy  les  Moullneaux 

Germany  ; Dr.  D.H,  HBhn 

Forschungsinstitut  fOr  Opt  Ik 
74  Ttlb Ingen  1 
Schloss  Kressbach 
Kressbacherstrasse 

Italy  : col.  F.  Pelllgrlni 

Consigllo  Technico  Sclentifico  della  Dlfosa 
Ufficio  Elettronica 
Via  C.  Pascal  6 
Roma 

Netherlands  : Mr.  J.  v.  Schle 

Physics  Laboratory  TNO 
Oude  Waal sdorperweg  63 
P.O.  Box  2864 
The  Hague 

United 

Kingdom  : Dr.  W.A.  Shand 

Ministry  of  Defence  (Procurement  Executive) 

Signals  Research  and  I'evelopment  Estabi  Ishment 
Christchurch,  Hants 

United 

States  : Mr.  J.R.  Moulton 

NIghtvision  Laboratory 
Amsel-NV-VI 
Fort  Belvoir 
Virginia  22060 

Dr.  R.W.Fenn 

Air  Force  Cambridge  Research  Laboratories 

L.G.  Hanscom  Base 

Bedford 

Massachusetts  01730 
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APPENDIX 

2 

Looking  to  a target  with  a luminance  Lq  , d m”  ] against  a background  with  luminance  Lj^^ 
the  contrast  at  very  short  distances  Is  given  by: 

C«- 

Lo  + 1-0* 

( The  defined  parameter  Cq  frequently  Is  called  "modulation"  In  the  literature.) 

At  a distance  R the  luminance  of  the  target  Lp  is  different  from  due  to  two  effects: 

1®^  Scattering  of  Incoming  radiation  due  to  the  column  of  atmosphere  between 
observer  and  observed  object. 

2'"^  Extinction  In  the  atmosphere.  For  a homogeneous  atmosphere  the  transmission: 

T - e-'JR 


Under  homogeneous  conditions  the  apparent  luminances  of  target  and  background  at  a range  R 
are  given  by: 


and 


Lo  T 
L'o  T 


+ L„  (1  - T) 

+ Eh  - T) 


Ljj  Is  the  luminance  of  the  horizon  (R-+oo) 

So  the  apparent  contrast  at  a distance  R Is: 


C 


R 


It  can  be  shown  from  1,2,3.i|  and  5,  that 

Cr  - 


LR  - Lr* 
Lr  + Lr* 


Co 


n t iiLi2LbD-’ 

L T (Lo  + Li)  J 


(1) 


(2) 

(3) 

(4) 

(5) 

(6) 


The  measured  parameter  L can  be  referred  to  Lj^  bv  means  of  equations  (3)  and  (2). 

For  an  Ideally  black  target,  Lg"  *^o,  and  formula  (3)  reads: 

Lp  - {1  - T (R  - 100  m)  } 

The  parameter  T (R«  100  m)  follows  from  (2)  after  substitution  of  the  measured  value  of  a. 

Instead  of  luminances  the  illumination  levels  and  diffuse  reflectances  of  targets  and  back- 
grounds can  be  used  In  order  to  calculate  the  contrast  degradation. 


s 
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fig  3 : Crristruction  of  the  horizontal  (Ei,)  and  vertical  (Ey)  Illuminance  meters 
(rnf.  5.1.2  and  5.1.3) 

(courtesy:  Air  Force  Cambridge  Research  Laboratories). 


fig  ^ : Top  view  of  the  horizontal  (Ej,)  and  vertical  (E  ) illuminance  meters 
(ref.  5.1.2  and  5.1.3) 
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EXPERIMENTAL  AND  COMPUTATIONAL  COMPARISON  OF  DIFFERENT  METHODS  FOR 
DETERMINATION  OF  VISUAL  RANGE 


W.BUehtwnann,  H.Hipp,  W.Jmmh,  R.Nauwirfh, 
Fonchungilmtilut  fUr  OpHk 
74  Tubingen  1,  Schl.Kreroach 
F.R. Germany 


■SUMMARY 

Three  vlitbillty  meter*  of  different  type  hove  been  run  slmultoneoutly  over  (everol  week*.  At  the  lame  time  oeroiol 
ipectra  were  collected  using  an  optical  counter. 

The  visibility  readings  ore  compared  under  several  meteorological  conditions. 

A Junge  distribution  or  a modified  F-  distribution  has  been  fitted  to  the  experimental  oeroeol  size  distribution. 
Using  Mie's  theory  ortd  the  data  recorded,  the  reodin(p  of  the  instruments  havo  been  compared  with  the  computed 
total  extinction  end  the  values  comp-jted  bosed  on  the  actual  instrument  parameters,  i.e.  especially  the  angular 
response  In  the  cose  of  two  scattering  type  instruments.  A good  agreement  between  the  observational  visibilities 
is  obtained,  except  under  portlculor  meteorological  conditions.  Computed  visibilities  give  a generally  correct  pre- 
diction of  the  measured  extinction. 


1.  INTRODUCTION  AND  GENERAL  REMARKS 

Progreu  In  electronics  hos  considerably  improved  the  development  of  automatically  operating  visibility  meters, 
cpplicoble  to  routine  m*  teorological  work  and  thus  complei/ienting  or  replacing  the  former  direct  eye  observation. 
Instruments  of  different  types  ore  operating  in  several  meteorological  services,  military  services,  air-ports,  aboard 
ships  or  on  remote  measuring  sites,  e.g.  light-houses,  which  become  more  and  more  equipped  by  automatic  instru- 
mentation. 

There  are  essentiolly  three  type*  of  visibility  measuring  device*  with  measuring  principles  based  on  three  different 
physical  effects; 


1 . Transmissometers,  determining  total  extinction, 

2.  Instruments,  usirig  scattered  light, 

3.  Instiuments,  based  on  Indirect  methods,  e.g.  measuring  aerosol  distribution. 


It  is  the  aim  of  this  paper  to  report  on  simultaneous  registrations  from  three  different  instruments  - one  transmisso- 
meter  and  two  scattering  instruments-  and  to  compare  the  observational  results  with  tbeoreticai  calculations  on 
atmospheric  aerosol  scattering,  according  to  Mie's  theory  under  different  operational  and  actual  meteorological 
condition*.  The  calculations  were  based  on  aerosol  spectra  measured  with  an  optical  counter.  Assuming  spherical 
particles,  a known  refractive  Index,  and  a knovm  aerosol  size  distribution,  the  scattering  and  extinction  properties 
of  the  particle  ensemble  can  be  computed  according  to  this  theory,  which  In  the  post  has  been  extensively  applied 
to  scattering  computations  with  varying  succea,  depending  on  the  aim  of  the  investigation  (Kerker,  M.,  1969). 
Discrepancies  could  mostly  be  attributed  to  the  non-iphericity  of  the  particle  or  to  an  uncertainty  of  the  refractive 
index.  Recently,  a thorough  theoretical  investigation  ho*  bemi  carried  out,  examining  the  accuracy  of  various  visi- 
bility meters  using  different  operating  principles  (Quenzel,H.,  et  al.,  1975). 


uMULs!.  asx  hi  UU  K 


15-2 


Utlng  comporatiwly  nMthodi  to  dttannin*  th«  cmtocoI  ipoctojin,  the  following  computational  Inveitigatloni 

have  been  perfoi  "ted  In  addition  to  the  obiervational  comporiton  of  visibility  meten; 

1 . Computations  of  the  obsolute  magnitude  of  the  total  extinction  using  the  measured 
aerosol  size  distribution  and  comparison  with  the  measured  extinction. 

2.  Computation  of  the  scattered  energy  os  seen  by  the  two  scatter  devices  and  compa- 
rison with  the  measured  signal. 

3.  Comparison  of  difrerenccs  in  the  measured  values  with  computed  differences,  i.e.; 
To  which  extent  c<*i  these  differences  be  explained  by  a straight-forward  assumption 
of  spherical  particles  with  a constant  refractive  index  and  an  idealized  size  distri- 
bution? 


2.  MEASURING  PROGRAM  AND  INSTRUMENTAL  SET 

Three  visibility  meters  of  different  types,  os  described  below,  were  run  simultaneously  for  several  weeks  during 
February/March  1975.  At  the  same  tim^  meteorological  data  on  temperature,  humidity,  and  precipitation  were 
collected  with  a standard  instrumental  set.  Furthermore  on  oeroiol  counter  was  simultaneously  operating  to  measure 
the  aeroiol  spectra. 

The  visibility  meter  set  vros  os  follows: 

2.1  Trrmsmissometer  (ELTRO) 

Transmissometers  form  the  oldest  cotegory  and  belong  to  the  "double-ended"  devices.  A schematic  diagram  of  the 
ELTRO  is  given  in  Fig.l.  The  Instrument  can  operate  on  two  base  lengths  Lj  = 2x15  m ond^Lj  = 2x150  m,  and 
measures  transmittance  r due  to  total  atmospheric  extinction  along  the  optical  path.  Standard  visual  range  is  then 
related  to  total  extinction  via  Koschmieder' s relation  (Koschmieder, H. , 1925),  oport  from  effects  of  spectral 
weighting  (see  Chapter  3.). 

The  source  consists  of  a tungsten  filament  lamp,  the  receiver  has  a photopic  response.  To  obtain  optimal  accuracy 
an  automatic  switching  between  the  two  base  lengths  is  installed  and  guarantees  an  accuracy  of  ^ 5%  for  all  ranges 
from  20  m to  10  km. 

2.2  6ock.«cottor  (IMPULSPHYSIK) 

This  device  belonging  to  the  category  of  backscatter  instniments  does  as  o single-ended  instrument  not  have  the 
disadvantage  to  require  on  extended  base  length.  Backscatter  devices  like  the  MDEOC’APH  used  with  these  expe- 
riments consist  of  a projector  ard  receiver,  both  mounted  in  the  same  casing  (Fig. 2).  The  receiver  measures  only 
the  light  scottered  back  from  a certain  volume  of  the  atmosphere  illuminated  by  the  outgoing  beam.  So  only 
scattering  from  angles  between  177**  and  179**  is  recorded.  A»  a light  source  serves  o high-powered  xenon  spark 
lamp  (72  pulses/min.,  1 psec  pulse  length)  inside  the  projector,  which  produces  a parallel  beam  with  o peak 

9 

intensity  of  10  cd.  The  spectrum  of  the  lamp  contains  prictically  no  IR  and  lies  in  the  blue-white  region.  The 
modulated  light  source  allows  to  distinguish  the  backscatter  signol  from  daylight  when  detected  by  the  receiver. 

Extended  test  series  (Vogt, H,,  1968)  in  routine  meteorological  service  hove  demonstrated  that  in  most  cases  it  gives 
results  in  sctisfactory  agreement  with  visibility  estimates  from  experienced  observers. 

2.3  Point  Visibility  Meter  (AEG) 

This  type  meceures  scattering  like  the  VIDEOGRAPH,  but  integrates  over  a certain  solid  angle  interval.  The  instru- 
ment is  schematically  presented  in  Fig. 3.  A flash  lamp  generates  light  pulses  at  a rate  of  about  0.1  sec~^  and 

jj 

illuminates  o small  atmospheric  volume  («-  790  cm  ).  The  ligjht  scottered  from  this  volume  into  the  angle  Interval 
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(h«r«  10**  - 120**)  MrvM  « a m«a(ur«  for  tho  Inttantonoous  viilblllty  at  th«  point  of  mocHuromont. 

2.4  Awowl  Countof  (ROYCO) 

Aoroiol  ipoctro  wet«  tneoturod  by  a ROYCO  porticU  counter.  Modal  225.  Thii  Inttrumant  counts  optically  tha 

3 -3 

oarosol  portlclas  of  0.5  pm  dlomater  and  lorgar  In  concantratlons  up  to  3 x 10  cm  . Raodout  Is  givan  In  fiva 
chonnals  for  Iho  following  diamatar  rangas; 

0.5  - 0.7  pm, 

0.7  - 1.4  pm, 

1.4-  3.0  pm, 

3.0  - 5.0  pm, 

> 5.0  pm. 

3 

Tha  flow  rate  Is  salactobla  batwaan  600  and  60  cm  par  sacond.  Sizing  accuracy  is  + 5%,  based  on  pulsa  haight 
maasuramant. 


3.  PHYSICAL  MEASURING  PRINCIPLES  OF  MSIBILITY  METERS 

Following  Koschmiadar,  H.,  (1925)  standard  visual  ronga  V|^j  is  ralatad  to  tha  extinction  coafficiant  via 


'N 


3.91 

^axt. 


(3.1) 


being  tha  extinction  coafficiant,  which  In  turn  Is  composed  of  thct  volume  scattering  coafficiant  and 

tha  absorption  coafficiant 


B . = B + /Jl- 

*^t  ^ca  '^bs 


(3.2) 


It  is  odvontagaous  and  widely  accepted  to  define  V|^  with  tha  monochromatic  extinction  coafficiant  at 

X “ 550  nm,  B^^^  (350  nm).  Extinctions  obtained  a.g.  with  a racaivar  with  photopic  response  and  sources  of 
different  colour  tamparaturas  usually  differ  only  slightly  from  tha  monochromatic  values  (Rupparsbarg,G.H.,  at  al., 
1971).  Measured  visibilities  ora  denoted  with  V,  tha  tronsmissomater  values  are  ^iproximataly  equal  to  the  'standard 
visual  range,  i.a.  V*  hence  denoted  with  Vj^. 

Scattering  visibility  maten  often  determine  visibility  with  the  relation 


% 


(3.3) 


where  index  "Dev"  rafen  to  "Device",  is  rt**  scattering  coafficiant  tor  a certain  solid  angle,  and  o 

calibration  constant.  In  tha  computations  tha  ongla  has  baan  tdcan  symmetrical  around  tha  Incident  light  beam,  so 
tha  scattering  coafficiant  con  be  raprasantad  by 


iSpav  ’ ^ ®l'  ® 

«l 

0|  and  0^  ora  tha  lower  end  upper  limits,  B'  (9)  is  tha  differential  volume  scattering  coafficiant,  0 tha  scattering 
ungla  batwaan  incident  and  scattered  light.  6^^^^  defined  In  this  way  gives  no  ombiguity  connected  with  tha 
polarization  of  the  scattered  light,  unpolorized  incident  light  assumed. 

Ralotion  (3.2)  is  used  tor  tha  AEG  point  visibility  mater.  Soma  scattering  instrjtnants-  especially  backscattaring- 


miyTT'^gaigga 
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uM  an  •mplricol  ralotion  (Curcio,  J.A  , it  ol.,  I9S8)t 


wh«ra  Cg  h the  calibration  constant  and  0 2 I.  A formula  timilor  to  Equ.(3.5)  has  boon  used  to  avaluate  th« 
VIDEOGRAPH  records,  howavor,  for  the  computation  rclotions  (3.3)  and  (3.4)  hod  to  be  applied. 


4.  MIE  COMPUTATIONS 

Mle'i  theory  gives  for  the  differential  cross  section  o (S,od(K*rker,M.,l969)  for  unpolorized  monochromotic  radia- 
tion of  wavelength  X and  a particle  size  parameter  ot  ” 2irrA  (r  “ radius); 


0(6, oO  - (l,  « + 1,  W)  . (4.1) 

Here  1^  and  ***  Intensih/  Kjnetiorts,  6 the  scattering  angle.  The  monochromatic  differential  volume  scattering 
coefficient  ^'(X,6)  is  obtained  by  integration  over  a certain  particle  size  range  with  a sizo  density  n(o); 


/J'(X,6)  - ^ 


n(o)o(6,oi)  da 


(4.2) 


The  lower  and  upper  bound  tt|  and  a^  have  to  be  chosen  In  such  a way,  that  no  opprecidsfe  contribution  from  out- 
side these  bounds  occun.  With  (4.1)  and  (4.2)  the  scattering  coefficient  /}(X;  becomes; 


o(6ia)  sin  0 d6  da  . 


(4.3) 


Having  a transmitter-receiver  combination  with  rton -monochromatic  response,  on  additional  wavelength  integration 
is  necessary. 

However,  the  results  for  the  size  distributiorts  and  solid  angles  used  were  not  very  sensitive  ogoiri^t  X-voriotlons. 
So,  throughout  the  calculations  o wovelength  of  X^SSOnm  was  used,  resulting  <n  the  assumption  ;9(6|r6^)  « 

p (5S0  nm  A refractive  index  t-  = 1.5  - 0.021  was  chosen  (Quenzel,H.  ,et  al.,1975). 

Tl.j  integration  (4.3)  was  carried  out  using  o modified  algorithm  obtained  from  Giese,  R.H.,  (1971),  over  o size 
inter\al  from  r » 0.04  to  20  fin  with  sufficiently  small  size  and  angle  increments.  The  integral  was  evaluated 
for  the  AEG  (9^  = 120®,  6|  ” 10®)  and  for  the  \4DEOGRAPH  ( 6^  “ 179®,  6|  “ 177®).  Integration  between 
6 = 180®  and  6,  = 0®  gives  the  total  scattering  coefficient  B . In  addition  the  total  extinction  coefficient 

V I tco 

was  calculated  with  respect  to  the  transmissometer  results. 

The  particle  size  distribution  n(a)  could  not  directly  be  taken  from  the  aerosol  counts.  Experimentally  particle 
counts  in  the  size  range  r = 0.5  to  5 fim  were  obtained,  the  lost  channel  counting  particles  with  radii  ^ 5 fim. 
For  the  computations  porticle  sizes  outside  these  ronges  or  with  higher  resolution  were  needed.  Therefore  o nu- 
merical fit  to  analytical  distributions  was  performed. 

Frequently  a Xinge  distribution  (Junge,  C.  E.,1963) 


n(r) 


-V 


(4.4) 
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U uMd  for  higher  vlilbiliMM  and  a modtflod  r-dittrlbuHon  (polrmeridllon,  D.,  )9d9) 

n(r)  ■ o l^•xp(-b^^)  with  0 S r < <»  (4,5) 

for  hozo  and  fog. 

Q,  j9,  b ond  y or*  poiltivo  constants  with  being  on  Integer. 

Some  experimental  distributions  ore  adequately  described  by  a Foltzik  distribution  (Foitzlk,L.,1964)  which  consists 
of  a sum  of  logarithmic  Gauuian  distributioiM 


n(r)  = L N exp  (-0.  (in  (4.6) 

1 ol 

where  N,,  a,,  and  r , are  constants.  Such  a distribution  con  have  several  relative  maxima.  The  actual  ROYCO 
i 1 oi 

measurements  revealed  no  such  fine  structure.  So,  the  Foitzik  distributions  were  disregarded. 

A Junge  distribution  was  fitted  to  each  spectrum  by  o least  square  fit  yielding  i/‘-exponents  ranging  from  3,4  to  5.2 
using  discrete  t^- values  with  on  increment  of  0.2. 

Concurrently  a fit  with  the  P- distribution  was  mode,  vorying  the  independent  voriobles  fi,  b,  orrd  y over  reasonable 
ranges,  resulting  In  96  different  spectra. 

The  measuring  ronge  of  the  ROYCO  did  usually  not  allow  a proper  decision  between  Junge  and  F- distribution, 
especially  never  n maximum  was  fburtd.  However,  the  optical  differences  of  these  two  types  of  distributions  were 
quite  distinct,  even  vrhen  fitted  to  the  same  set  of  measured  aerosol  data.  This  Is  Illustrated  in  Fig. 4,  Here  the 
quantity  (Equ.(3.4)) 

U (PrflJ 

I-  ^ (4.7) 

^ext 

is  plotted  versus  6 for  Junge  exponents  v ~ 3.6,  4.0,  4.6,  and  for  the  F- distribution  with  b 17.5,  y * 1.0 
and  P 2. 

pf^(3)  represents  the  ettergy  scattered  into  a cone  with  subtending  angle  0 in  comparison  to  the  totally  extincted 
energy. 

The  variations  for  dIFerent  Junge  distributions  ore  not  so  prarxxinced  in  comparison  to  that  for  the  F-  distribution 
With  the  Junge  distribution  the  energy  scattered  Into  a 10"  - cone  is  over  40%  compered  to  approximately  10% 
in  the  case  of  a F- distribution . This  is  due  to  the  fact  that  beyond  5 pm  the  F- distribution  becomes  much 
steeper  thai  the  Junge  distribution  ond  that  the  pronounced  forward  scattering  and  obsorption  of  the  larger  particles 
Is  less  dominant. 

The  Influence  on  on  instrument,  which  detects  only  part  of  the  scattered  energy  is  quite  obvious.  For  our  computation 
it  meant,  that  for  the  general  form  of  the  distribution  some  o-priorl-informotion  hod  to  be  inferred.  This  Implied  that 
for  tower  visibilities  (in  the  cose  of  haze),  vrhere  o F - distribution  could  be  assumed,  the  ROYCO-compatible 
distribution  yielded  a leu  pronounced  forward  scattering  compared  to  a fair  visibility  condition,  which  in  turn 
implies,  that  the  AEG-V  -value  should  be  too  low.  This  seems  to  be  corroborated  by  the  experiment  (see  section  5). 

In  fog,  where  the  maximum  of  the  distribution  is  displaced  to  larger  radii,  the  si^iation  is  reversed. 
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5.  OBSERVATIONAL  AND  COMPUTATIONAL  RESULTS 
5.1  VlilbUlty  Polo 

Vlitblllty  raolilraHont  wen  evaluated  on  an  hourly  boM.  For  all  valid  data  a ttatittical  onalytli  wo»  perfonned. 
Gtcrelatlora  of  our  vlilblllty  data  ore  plotted  In  Flgi.5,  6,  ond  7.  Fig. 5 and  6 ihpw  all  ELTRO'volue*  venut 
VIDEOGRAPH  and  AEG  reodlngi  re>p.>  at  obtained  during  the  whole  meawrlng  period.  In  Fig.  7 the  IDEOGRAPH 
li  plotted  venut  the  AEG  point  visibility  meter.  All  data  ore  plotted  In  logarithmic  scales.  A regrmslon  line 
y “ Ax-tB  has  further  been  added.  Fig. 5 and  6 contain  only  223  points,  the  latter  620.  This  arises  from  the  follo- 
wing reason: 

The  ELTRO  data  from  18.00  to  8.00  h proved  to  be  ur:>ellable,  because  It  hod  turned  out,  that  a bird  used  to 
stay  over  night  Inside  the  heated  housing  of  the  ELTRO  optic  sensor,  thus  causing  a s^temotlc  reduction  of 
transmittance. 

J^Aean  cofrelatlon  coefficients  R and  legreMton  parameters  A and  B are  compiled  In  Table  1: 


R 

A 

B 

ELTRO-VIOEOGR. 

0.81 

0.986 

-0.942 

ELTRO-AEG 

0.80 

1.080 

-0.532 

VIDEOGR.-AEG 

0.82 

0.804 

1.655 

Tobio  1:  Cosrelatlon  coefficient  R and  rejyesslon  parameters  A,B  for  different  visibility  meter  combinations. 


Consequently  a good  mean  correlation  near  0.8  in  all  three  cases  comes  out.  A systematic  deviation  from  an  ideal 
regression  line  (45^  Is  obtained  as  indicated  by  parameters  A and  B.  It  is  most  pronounced  in  the  cose  of  the  com- 
parison VIDEOGRAPH-AEG,  i.e.  bockscotter  - point  visibility  meter. 

Striking  deviations  in  visibility  agreement  are  in  most  cases  due  to  ambiguities  In  the  Instrumental  records  caused 
by  special  meteorological  events  Ilk's  rain  showers  and  patchy  fog.  Under  such  conditions  rapid  changes  in  islbility 
readings  ore  possible  and  coinnot  properly  be  resolved.  Port  of  the  strong  discrepancies  can,  however,  be  attributed 
to  fog  or  snow  cases  which  are  demonstrated  in  some  nwre  detail  in  the  next  section. 


5.2  Speciol  Meteorologicol  Conditiorw  ^ 

Generally  the  data  set  examined  here  covered  relatively  high  visibilities  above  10  km.  So,  only  a few  coses  with 
special  events  were  obtained: 

5 days  with  fog, 

1 day  with  several  hours  of  rainfall  and  snow. 


An  example  for  fog  during  the  morning  hours  is  given  in  Fig. 8 (24.Febr.1975).  Here  the  courses  of  the  visibility 
meter  readings  are  plotted  on  a logarithmic  scale  versus  time.  During  the  morning  houn  there  is  a prorwunced 
discrepancy  betweon  the  AEG  and  VIDEOGRAPH  by  a factor  of  3 to  5.  The  observers  from  the  nearby  meteorolo- 
gical station  reported  dense  fog  with  visibilities  bel-sw  200  m between  0.00  and  10.00  h,  as  added  in  Fig. 8. 

It  is  oljvious  that  the  AEG  is  In  better  agreement  with  these  estimates,  even  if  one  considen  that  eye  observations 
tertd  to  underestimate  actual  ranges  due  to  the  observer's  instructions  to  report  the  lowest  volues. 


Absolutely  wrong  is  the  VIDEOGRAPH  with  value* 


1|m  and  10  km.  This  was  also  true  for  all  other  fog 
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Aflw  10.00  h fo9  b«gan  to  distolvt  and  th«  ralotlx'aly  eood  agrt«n«nt  batvman  all  Intlrumantt  ratuniod. 

Th«  InvoTM  bohovlour  woi  obtorvod  during  i-.  day  with  rain  end  mowfoll  (Fig. 9).  Hor*  th«  VIDEOGRAPH  (and 
ELTRO)  rwoordod  ramathabl*  loww  vtiibllltlM  than  th«  AEG  tcottorlng  davic*.  Horooftw  the  nxtranw  daviattora 
batwMn  two  lntlrumont$  con  roach  mom  than  on#  ordor  of  magnitude.  On  the  other  hand  a Mvem  dlicreponcy 
during  rain  could  not  be  detected. 

5.3  Comporlton  between  Obiervotlon  ond  Calculotlon 

In  Fig.  10  the  calculated  itondord  vltuci  range  bated  on  computed  extinction  It  plotted  ogolntt  the  experimental 

ELTRO  reodlngi  v|^.  For  all  computed  voluet  a Junge  dittrlbutlon  wai  onumed.  The  concentration  foctor  C and  the 
exponent  v ore  token  from  the  ROYCO  fit  colculotlont.  In  Fig.  10  - 12,  the  five  cloitet  of  the  p-exponent  ora 
coded  by  different  tymbolt  at  explained  In  the  legendt.  The  general  agreement  It  obviout,  tome  tirlking  deviatlorM 
eon  be  explo*ned  by  particular  meteorological  conditiont  - eipeclally  tnow  with  rain  cr  fog. 

The  dbtolute  valuet  of  the  meotured  vltibllltiet  however,  ore  on  the  average  only  approximately  one  third  of  the 
calculated  onet.  Thli  fdet  It  tuppotedly  mainly  due  to  molad{uited  flow  rale  In  the  ROYCO,  which  It  proportional 
to  the  obiolute  value  of  the  particle  dentity. 

In  Fig.  11  ond  12  the  correiponding  valuet  hove  been  plotted  for  the  VIDEOGRAPH  and  AEG,  I.e.  experimental 
valuet  ore  compared  with  vltibllltiet  computed  from  the  tcattered  energlet,  at  teen  by  the  Inttrumentt  (on  an 
oibllrcey  tcale).  For  the  experimental  valuet  factory  calibration  curvet  were  uted,  which  impllet  the  ute  of  Equ.3.1, 
3.3,  and  3,5  for  the  ELTRO,  AEG,  and  IDEOGRAPH  retpectively. 

The  getteral  relative  agreement  it  fairly  good.  So  it  con  be  concluded,  that  the  otiumption  of  a Junge  dittrlbutlon 
and  Mie  tcoHoren  in  connection  with  an  optical  ROYCO-type  orrotol  counter  it  lultable  for  thecmtica!  .iilblllty 
colculationt  with  tome  reitrictlont: 

The  general  accuracy  it  reduced  compared  to  ttralght  vitibility  meters.  Under  conditions,  where  visibility  it  deter- 
mined by  large  particles  (etp. rain, tnow),  the  computed  valuet  can  be  erroneout  by  an  ordir  of  magnitude. 

The  applicability  can  htrther  be  checked  by  analyzing  if  the  theory  yields  a correct  prediction  of  the  diffemneet 
between  the  trantmlstometer  and  the  scattering  instrument  readings: 

If  one  attumet  a Junge  distribution,  the  reading  of  the  AEG  (integrating  from  6|  <■  10^  to  9^  ° 120^  artd  the 
VTDEOGRAPH  (bockscotter,  0|  « 177®,  0^  = 179®)  should  decrease  •following  computation-compared  with  a 
tronsmltMmeter  (ELTRO),  if  the  Junge  exponent  it  Increoted.  In  the  cate  of  the  computed  AEG-vliual  range 
this  con  be  shown  os  follows:  Using  Equ.(3.1),  (3.3),  and  (3.4)  one  finds  the  relation; 


_ I,  lew 

0(10®,  120®) 


whom  k It  n constant  only  dependent  on  geometry,  not  on  size  distribution.  Dividing  the  right  side  of  (5.1)  by 
0 one  gets  (tee  Equ.4.7): 


'^AEG 

7 


k 0 . 

^ext 

0(p®,  12O®)-0(O®,1O®) 


/»nO2O®)-0^(1O®) 


With  the  aid  of  Fig. 4 one  verifies  that  the  denominator  of  (5.2)  actually  increotet  with  Increasing  v,  hence 
decreases  In  comparison  to  The  calculation  reveals  the  some  dependence  for  the  IDEOGRAPH,  however, 
due  to  the  empirical  cedibration  (Equ.3.5),  the  seialyslt  It  not  to  straight  forward.  Using  only  experimental  vlii- 


^ i - 
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blllty  vqIum  km,  whar*  Jun*)*  dlttrlbuHom  usually  or*  otiumad  and  parfbrmtng  tha  eomparlwn,  ona  finds 

no  obvious  eorralotton  batvraan  tha  maosurad  and  tha  oompufad  quotlant  Furtbarmora,  tba  actual  da- 

viations  ora  much  mora  pranouiv'^  than  tha  oompulad  onas.  Baortng  in  mind  that  tha  rasults  wara  golnad  for  a 
particular  gaogrc^lcal  location  it  eon  ba  concludad  thot  tha  diffarontial  voluma  ccattarlng  ooafftclanh  fi'  (9)  as 
tnfluancing  tha  AEG  (Intagrating)  and  tha  VIDEOORAPH  (bockscattar)  cannot  ocourotaly  ba  oomputad  by 
assuming  Mla-scattarars  with  constant  rafractiva  Indax  and  a siza  d!strlbotlon  following  a powar  law. 

Going  to  visibllltlas  Vn<5  km  without  fog  casas,  it  con  ba  axpactad  that  a Junga  distribution  is  raplacad  by 
a haza-distributlon  (F-  distribution).  In  such  a cosa  tha  AEG  should  show  distinct  lowar  raodings.  This  can  ba 
daducad  from  Fig. 4 and  Equ.(S.2)i  Fig. 4 shows  an  intagrotad  scattaring  coafficlant  on  actually 

maosurad  portlcla  counts  assuming  a F- distribution.  Such  o distribution  yields  ralativaly  mora  raoaivad  anargy 
and  hanca  a lowar  AEG-vIsIbility  value.  This  seams  to  ba  corroborated  by  tha  maosuramants  (saa  Fig. 6). 

Tna  ragraulon  line  depleted  there  rtaorly  coincldas  with  tha  ideal  45^  ragrassion.  At  lowar  visual  ranges 
(without  fog  or  snow)  tha  AEG  readings  show  tha  axpactad  tendency  to  lowar  values.  Tha  situation  Is  reversed 
during  fog  coses,  where  tha  mcMimum  of  tha  aerosol  spectrum  Is  shifted  tu  larger  particles  and  tha  Instrument 
racalvas  ralativaly  leu  seatlarad  anargy.  Mora  fog  cases  should  be  exominad  to  investigate  this  behaviour  irtora 
thoroughly. 

The  VIDEOGRAPH  proves  to  ba  lass  sensitive  against  changes  in  tha  size  distribution  type  (transition  from  Junga 
to  r - distribution)  and  shows  the  affects  lau  pronounced. 


6.  COMCLUSIONS 

Tha  following  conclusions  con  ba  drawn  from  this  study; 

1)  Under  most  meteorological  conditions  transmissomatars  and  scattering  visibility  meters  provide  very 
similar  results.  However,  under  particular  mataorological  conditions  - like  fog  and  snow  - severe 
discrepancies  can  occur. 

2)  Computations  using  Mia's  theory  and  expar! mentally  datannined  particle  siza  distributions  give  a 
generally  correct  prediction  of  tha  measured  extinction  (apart  from  instrumental  shortcomings). 

Regarding  the  prediction  of  tha  discrepancies  in  the  different  operation  principles  tha  situation  is  mora  complex; 

1)  At  large  visuol  ranges  tha  differences  could  not  ba  predicted  by  assuming  a simple  Junga  distribution 
and  Mia  scottarars. 

2)  At  medium  ranges  (liaza)  computations  aru  in  accordance  with  observation. 
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Le  calcul  du  tranafert  du  rayonnement  dans  une  atmssphgre  diffusante  et  absorbante  est  particu- 
lierement  compliqud  du  fait  qua  lea  processus  d'absorption  par  le  gaz  et  de  diffusion  par  les  particules 
ont  lieu  simultanenent , Les  techniques  les  plus  gSneralement  utilis6es  sont  coUteuses  et  nal  adapt£es  A 
I'interprf  ation  physique  des  observations. 

La  methode  la  plus  efficace  consiste  a employer  la  distribution  du  chemin  optique  des  photons 
diffuses  p(X)  qui  permet  de  separer  I'absorption  de  la  diffusion.  La  distribution  p(X)  est  calcul6e  pour 
une  atmosphere  diffusante  donnee  au  moyen  des  Approximants  de  Padd.  La  resolution  de  1' Equation  de  trans- 
fert  en  milieu  diffusant  peut  etre  effectu6e  au  moyen  de  n'importe  quelle  methode  approximative  ou  precise, 
I'absorption  par  les  gaz  peut  etre  calculee  au  moyen  des  mcdeles  de  bandes. 

De  nombreuses  applications  de  cette  methode  sonL  possibles  : interpretation  des  spectres  formds 
dans  des  atmospheres  nuageuses,  calcul  des  flux  et  des  echauf fements  radiatifs,  etude  des  milieux  diffu- 
sants  inhomogenes . 

Dans  ce  papier  la  methode  est  exposee  et  appiiquee  au  calcul  de  I'intensite  reflechie  par  un 
nuage  inhomogene. 

SUMMARY 


RADIATIVE  TRANSFERT  IN  A SCATTERING  ABSORBING  MEDIUM 


The  computation  of  Radiative  Transfect  in  a scattering  and  absorbing  atmosphere  is  particularly 
complicated  because  absorption  by  the  gases  and  scattering  by  the  particles  occur  simultaneously.  The 
technics  which  are  generaly  used  are  time  consuming  and  inadeouate  for  physical  interpretations  of  data. 

The  .Host  suitable  method  is  to  use  the  "distribution  of  photon  optical  path"  p(X)  which  makes  it 
possible  to  disjoin  absorption  and  scattering.  The  distribution  p(X)  is  computed  for  a given  scattering 
medium  by  means  of  Fade  Approximants.  The  solution  of  the  Transfert  Equation  may  be  computed  by  means  of 
any  approximate  or  accurate  method  and  absorption  by  gases  may  be  computed  by  means  of  band  models. 

Numerous  applications  of  this  method  are  possible  : interpretation  of  the  spectra  formed  in 
cloudy  atmospheres,  computation  of  fluxes  and  heating  rates,  study  of  inhomogeneous  scattering  medium. 

In  this  paper  the  method  is  presented  ind  applied  to  the  calculation  of  the  intensity  reflected 
by  an  inhomogeneous  cloud. 

I - INTRODUCTION 

La  determination  des  bilans  radiatifs  des  atmospheres,  I'etude  des  spectres  reflechis  par  les 
planAtes,  les  methodes  de  sondage  optique  necessitent  une  connaissance  approfondie  du  transfert  de  rayon- 
nement dans  les  atmospheres  planetaires.  Le  cas  des  milieu.i  diffusants  est  particulierement  complique  du 
fait  que  les  processus  de  diffusion  par  les  particules  et  d'absorption  par  les  gaz  ont  lieu  simultanement . 

L'utilisation  de  la  distribution  du  chemin  optique.  des  photons  diffuses  apporte  une  simplifi- 
cation considerable  en  deconnectant  les  deux  processus  ; il  est  alors  possible  d 'employer  n'importe  quelle 
methode  de  resolution  de  1 'equation  de  transfert  et  les  problemes  qui  concernent  I'absorption  par  les  gaz 
pcuvent  etre  resolus  au  moyen  des  memes  methodes  que  dans  le  cas  des  atmosphe'es  claires. 

La  determination  des  quantites  moyennes  sur  ia  frequence  (intensite,  flux  ou  echauffement  radie- 
tif)  est  ainsi  grandement  facilitee  ; l'utilisation  de  la  fonction  de  distrioution  permet  de  ramener  le 
calcul  de  ces  quantites  a celui  d'une  fonction  de  transmission  moyenne  du  gaz  absorbant,  qui  peut  etre 
effectue  facilement  a I'aide  d'un  modele  de  bandc.  Cetto  methode  a ete  souvent  utilisee  (KARGIN  et  ai, 
1972),  (FOUQUART  et  PRUVOST,  1974),  car  elle  seule  permet  un  calcul  rapide. 

De  meme,  on  peut  obtenir  une  expression  simple  des  largeurs  equivalentes  des  raies  spectrales 
observees  dans  le  rayonnement  reflechi  par  les  p'.anetcs  (FOUQUART  et  LENOBLE,  1973). 

Enfin,  il  est  possible  de  calculer  approxiinativement  I'intensite  reflechie  par  une  couche  diffu- 
sante dans  laquelle  I'absorption  augmente  avec  la  profondeur  optique,  et  de  deduire,  de  I'analyse  du 
rayonnement  reflechi,  certaines  caractSri stiques  physiques  de  I'atmosphere  ambiante  ou  de  la  couche  elle- 
meme.  Mais  il  est  alors  necessaire  de  determiner  la  profondeur  de  penetration  du  rayonnement.  C'est  cette 
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notion  que  nous  allons  dfivsloppet  aprSs  avoir  rappel£  briSvement  lea  principales  mfithodi.b  de  calcul  de 
la  fonction  de  distribution. 

II  - LA  DISTRIBUTION  DU  CHEMIN  OPTIQUE  DES  PHOTONS  DIFFUSES 


ConsidSrons  une  couche  diffusante,  plane-parallSle,  d'dpaisseur  optique  t j ucis  repSrerons  une 

direction  donn6e  par  I'aiimuth  + et  le  cosinua  de  la  colatitude  p “ cosO;  soient  o et  lea  coefficients 

de  diffusion  et  d'absorption  des  particulea,  et  k le  coefficient  d'absorption  du  ga*  ft  la  frequence  v. 

DSfiniasons  l'alb6du  de  diffusion  du  continu 

u)  “ o/(a+k  ) 
c c 

et  1' albedo  de  diffusion  A la  frequence  v 


Soit  Ku  ,t,T)  5 Wg.4ij,.t)  I'intensite  diffusee  dans  la  direction  (p,^)  pour  une 

incidence  (p  i4>  ) par  la  couche  consideree,  A la  profondeur  optique  t. 

Dans  ces  conditions,  la  distribution  du  chemin  optique  p(X)  des  photons  observes  3 la  profondeur 
optique  t,  apres  avoir  parcouru  dans  le  nuage  un  trajet  de  longueur  totale  L,  c'est-A-dire  un  chemin  optique 

total  dans  le  continu  X " (a+k  ) L,  est  definie  par  (VAN  DE  HULST  et  IRVINE,  ’962) 

c 


Kui^.t.T)  - I(lu^,t,T)  I p<x)  exp  (- 
avec  la  condition  de  normalisation 


p(X)  dX  - 1. 


r “ k / (o+k  ) ” u /u)  - 1 

V c c V 

Nous  pouvons  Scrire 


I(«y,t,T)/I(ui^,t,T)  - L^  ^ {p(X)}  (6) 

ou  L (p(X)}  est  la  transformee  de  Laplace  de  p(X)  ; le  chemin  optique  moyen,  parcouru  par  les  photons 
observes  A la  profondeur  t,  peut  alors  se  mettre  sous  la  forme 


;T-)'  [i  ^<“v**^'-'>]r- 


Nous  ec^loyons  ici  une  ficriture  simplififie,  mais  il  faut  se  rappeler  que  la  fonction  de  distri- 
bution depend  des  directions  (p,*)  at  (p  de  la  profondeur  optique  consid6r6e,  et  des  caract6ristiqu 
du  nuage  (aloedo  continu,  dpaisseur  optique,  indice  et  granulostetrie  des  gouttes) . 


Ill  - METHODES  DE  CALCUL  DE  LA  FONCTION  DE  DISTRIBUTION 

Dans  le  cas  des  couches  diffusantes  semi-inf inies , I'expression  de  la  fonction  de  distribution 
des  photons  sortant  du  nuage  aprAs  y avoir  subi  n diffusions,  a 6t6  donnSe  par  IRVINE  (1964) 

p (X)  - e"^  X^''/(n-l)!  C8) 

n 

Lorsque  I'intensite  reflechie  est  connue  pour  chaque  ordre  de  diffusion,  la  fonction  de  distri- 
bution s'obtient  par  simple  somnation 

P(^)  * Cl  Pn^^^ 

UESUGI  et  IRVINE  (1970  a et  b) , VAN  DE  HULST  (1970)  ont  proposS  des  dAveloppements  agymptotiques 
de  I (“  ,0,"")  qui  permcttent  de  reduire  le  temps  de  calcul  correspondent. 

" La  fonction  de  distribution  peut  etre  obtenue  plus  directement  en  utilisant  une  mJthode  de  Monte- 
Carlo  (KARGIN  et  al,1972),  (APPLEBY  et  IRVINE,  1973)  ; cette  ni6thode  n'est  pas  limitative  et  peut  Stre 
utilisSe  de  fason  tout  A fait  generate  ; son  inconvenient  majeur  reside  dans  la  longueur  des  calculs  et 
Icur  relative  imprecision. 

Les  autres  methodes  de  calcul  de  p(X)  consistent  A inverser  la  transformAe  de  Laplace  de  la  rela- 
tion (6),  les  intensitgs  I(u  ,t,r)  Stant  obtenues  au  moyen  de  n'importe  quelle  mSthode  de  resolution  de 
I'equation  de  transfert  (LEN&LE,  1975). 
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HEINRICH  (1973)  a utllis6  une  mSthode  d'inveraion  propoaSe  par  BELLMAN  et  al  (1966)  ; alia  con- 
slate  & .renplacer  l'lnt£grale  qui  figure  dana  I’expreaaion  (3)  par  une  quadrature  de  Grauaa  ; on  obtient 
alors  uii  ayat^me  lin£aire  qu'il  suffit  d'inverser  pour  obtenlr  dea.  valeura  dlacrStea  de  p(X) . Cependant 
cette  raSthode  eat  instable  car  la  matrice  du  aystime  eat  trSs  mal  conditionnSe . 

La  m6thode  que  nous  avona  eiaployte  (FOUQUART,  1974)  consiate  3 rechercher  une  interpolation 
de  la  fonction  R inveracr  sous  foriae  d'une  fraction  rationnelle  (ou  approximant  de  Pad6  de  type  II) 

Ku^.t.t)  / I(a)^.t.T)  - P^.,<0  / Q„(r)  (!C) 

oil  P |(r)  et  Q^(^)  sont  dea  polynomea  de  d£gr{  reapectifs  N - I et  N.  Apr^s  d^conpoaition  en  61£menta 
ainplesi  1' inversion  est  imutdiate  et  la  fonction  de  distribution  a'Scrit 

" Cl 

ou  est  la  n racinc  de  r6aidu  correspondent. 

IV  - LA  PROFONDEUR  DE  PENETRATION  DU  RAYONNEMENT  DANS  UNE  ATMOSPHERE  DIFFUSANTE 


Si  N photons  sont  r£fl6chis  au  total  pat  un  nuage  d’Spaiaseur  optique  infinie,  le  nonibre  total 
de  photons  r£fl6chia  par  un  nuage' aimilaire  d'Epaisseur  optique  t est  N I(u^,o,t)  / I(u3^,o,»).  Le 
nombre  de  photons  qui  ont  suivi  un  chomin  optique  X dans  le  nuage  d'epaisseur  optique  t est  done 

N p^(X)  I(u^,o,t)  / I(u^,o,«)  - N f^(X)  (12) 

ou  p^(X)  eat  la  distribution  correspondant  au  nuage  d'Epaisaeur  optique  t. 

Nous  introduisona  done  la  nouvelle  fonction  de  distribution  f^(X)  normaliaee  de  la  faqon  sui- 

vante  : 

«0 

f^(X)  dX  - I(m^,o,t)  / Kui^.o,*.)  (13) 

O 

si  un  photon  a,  durant  le  processus  de  diffusion,  suivi  un  chemin  optique  total  X,  il  est 
clair  qu'il  n'a  pas  pu  atteindre  une  ptofondeur  optique  supSrieure  At"  X/2  et,  les  couches  situAes 
en  dessous  de  t • X/2  n' inf luencent  done  pas  le  processus  de  diffusion  d'un  tel  photon.  Autrement  dit, 
le  nombre  de  photons  sortanc  d'un  nuage  d'epaisseur  Optique  t et  ayant  suivi  un  chemin  total  X < 2 t est 
rigoureusement  €gul  au  nombre  de  photons  aortant  d'un  nuage  similaire  d'gpaisseur  optique  quelconque 
t'  > T et  ayant  suivi  au  total  un  chemin  optique  X < 2 t.  II  s'en  suit  que 

f (X)  = p (X) , si  X < 2t  (14) 

T ^ 

Les  fonctions  de  distribution  f (X),  calculees  d'aprAs  (11)  et  (12)  correspondant  au  cas 
li  > U "I,  sont  presentees  (figure  1)  pour  differentes  epaisseurs  optiques  T,  pour  un  nuage  de  parti- 
cuies  monodispersees,  de  parametre  de  MIE  a • 2,  d'indice  n • 1,33,  avec  un  albedo  continu  ui  • 0,999. 

On  pourra  noter  que  la  difference  entre  p^(X)  et  f (X)  n’est  notable  que  pour  des  valeurs  de^X  nettement 
stiperieures  ^ 2x . 

Lorsque  les  fonctions  de  distribution  f (X)  correspondant  aux  diverses  epaisseurs  optiques  sont 
connues,  il  est  possible  d'en  deduire  la  contribution  relative  des  diff6rents  niveaux  du  nuage  au  proces- 
sus de  diffusion.  Le  tableau  (1)  presente,  pour  le  cas  du  nuage  deceit  precedeinnent , le  rapport 
f (X)  / p^(X)  qui  correspond  a la  proportion  des  photons  refiechis  dans  des  couches  de  differentes 
epaisseurs  optiques  T,  parmi  le  nombre  total  de  photons  refiechis  par  le  nuage  inf ini  aprAs  avoir  par- 
couru  le  mSme  chemin  optique  X.  Deux  valeurs  de  X ont  ete  choisies  : X " 87  et  X ■ iO  ; le  cas  X « 87 
correspond  au  chemin  optique  moyen  < X > du  nuage  infini . Sur  la,  figure  (2),  on  a representc  la  quantite 
g^(x)  • (f^(X)  - f _|(X))/p^(X)  qui  represente,  parmi  les  photons  qui  ont  parcouru  le  chemin  optique  X, 
la  proportion  de  ceux  qui  ont  penetre  Jusqu'A  la  couche  comprise  entre  x et  x - 1 . 

Il  est  Intdressant  de  noter  que,  d'aprAs  le  tableau  (I),  pres  de  45  2 der,  photons  qui  ont  suivi 
un  chemin  optique  X " 50  ont  p6netre  jusqu'A  une  profondeur  optique  comprise  entre  7 et  10  et  plus  de 
80  X entre  6 et  12  ; dans  le  cas  oO  X « 87,  45  X des  photons  ont  p6n6tre  jusqu'A  une  profondeur  comprise 
entre  10  et  14  et  80  X entre  9 et  18.  La  penetration  du  rayonnement  dans  une  couche  diffusante  avant  sa 
reflexion  est  done  fortement  localisfe  particulicrement  pour  les  faihles  chemins  optiques. 
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Tableau  I 


Nombre  de  photons  rifldchls  par  une  couche  nuageuse  en  fonctlon  de  son  dpalsseur  optlque  t,  pour  100 
photons  dans  1«  cas  semi-inf ini . 


100  t^W/pJ\) 


T 

X - 87 

X - 50 

, 

0 

0 

2 

0 

0 

3 

0 

0 

4 

0 

0.5 

5 

0.1 

3.14 

6 

0.4 

9.7 

7 

1 .8 

21.4 

8 

5.3 

36.5 

9 

'17 

52.0 

10 

20.5 

66.6 

1 1 

31.2 

78.8 

12 

42,8 

87.9 

13 

54.3 

93.7 

U 

64.8 

97.3 

15 

73.8 

99.3 

16 

80.7 

100 

17 

87.4 

100 

18 

91.6 

100 

19 

94.0 

100 

20 

96.4 

100 

00 

100 

100 

Nous  dSf inirons  done  la  fonction  de  dis.L-ibution  dcs  photons  qui  ont  soivi  im  chemin  optique  X 
et  p£n6tr€  jusqu'^  une  profonceur  optique  t par 


p(X,t)  • (fj(X)). 

Cette  function  de  distribution  possede  les  proprI£t£s  suivantes  : 
p(X,t)  dt  - p„(X) . 


I p(X,t)  dX  - — 


f,(X)  dX  . ^ 


l(ttl^,0,t) 


I(u  •o,<») 
c J 


p(x.»:)  dt  dx 


p-(X)  dX  - 1, 


(15) 

(16) 

(17) 

(18) 


et 


p(^,t)  “ 0,  si  X < 2t. 

Avec  ces  notations,  nous  pouvons  6crire 


(19) 


g;^(T) 


^ p(x,t)  dt^ 


j 


la  figure  (2)  prSsente  done  une  approximation  de  p(X,t)/p,,(*)  deux  valeura  de  X. 

II  est  maintenant  possible  de  dSfinir  la  pAnStration  moyenne  correspondant  A un  chemin  optique 
X donn€,  pour  vm  nuage  d'Apaisseur  opt_s>-e  totale  T par 


(X)  - ^ t p(X,t)  dt^  I"  p(X,t)  dt^ 


(20) 


Dans  le  cas  presents  figure  (2),  les  p6n6trations  moyennes  calcul6es  d'aprSs  la  relation  (20), 
sont  approximativement  t(50)  « 9,0  et  t(87)  - 12,7. 
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La  p^aEtration  moyenne  esL  evid«nsnent  dependante  de  1 'Epaiaseur  optique  totale  de  la  couche 
diffusante  et  devrait  s'Ecrire  t(X,T)  ; cependant,  ai  le  fond  du  nuage  eat  adjacent  E un  corpa  noir, 
deux  caa  peuvent  Stre  conaidErEa  : 

si  I'Epaisaeur  optique  t eat  plus  grande  que  la  penEtratlon  moyenne  correspondent  au  nuage 
nemi-infini  t(X,‘>),  le  rEsultat  eat  approximativement  le  meme  que  pour  le  nuage  semi-inf  ini,  surtout  si 
I'on  considEre  des  chemins  optiques  aasez  faibles. 

(ii)  si  I'Epaisaeur  optique  du  nuage  eat  infErieure  E t(X,»),  on  trouve  Evidemnent  que  la  majo- 


ritE  des  photons  a pEnEtrE  jusqu'E  un  niveau  proche  du  fond  de  la  couche  diffusante  (ccs 
peuvent  etre  vErifiEs  E partir  du  tableau  (1).  Done,  pour  une  couche  d'Epaisseur  optique 
Ecrire  approximativement 

rEsultats 
T,  nous  pouvons 

t(X,T  ) 2;  t (X,~) 

si  T > t(X,«) 

et 

(21) 

t(X,T)  2;  T 

si  T < t(X,-). 

V - METHODES  DE  CALCUL  DE  LA  PROFOMDEUR  DE  PENETRATION 


La  figure  (3)  prEaente  lea  fonctiona  p(l,t)/pjl)  pour  un  nuap.c  correapondant  E une  granulomE- 
trie  de  type  C|  de  DEIRMENDJANN  (1969),  pour  un  rayon  critique  de  0,8  U,  E une  longueur  d'onde  de  0,8  U; 
I'indice  des  particules  eat  n - l,4A;  I'albEdo  continu  eat  u “ 0,9997  ;_les  directions  d'incidence  et 
d' observation  correspondent  E u ■ u ■ 0,866  *o) . Lea  penEtrations  t(X)  qui  s'en  dEduisent  aont 

prEsentEes  figure  (4),  Pour  lea  obtinir  E partir  ae  I'Equation  (20),  il  a fallu  calculer  lea  functions 
p(X,t)  et  done  lea  distributions  f^(X)  pour  un  asset  grand  nombre  de  valeurs  de  t.  Cette  mEthode  de 
calcul  de  la  pEnEtration  moyenne  eat  done  longue  et  pEnible  ; de  plus,  les  risques  de  propagation  d'er- 
reur  aont  asses  grands  dans  la  mesure  oQ  p(E,t)  reprEsente  la  diffErence  de  deux  fonctiona  obtenues  par 
inversion  de  la  transforoEe  de  Laplace. 

Dans  la  pratique,  nous  calculons  le  chem.rn  optique  moyen  aasociE  E une  pEnEtration  jusqu'E 
une  profondeur  optique  donnEe  ; 

J"  X p(X,t)  dX 

X(t)  - ^ (22) 

P(X.t)dX 
/ o 


De  li  definition  (15)  de  p(A»t)  avec  (17),  il  suit  iimediateTnent  que 


X(t) 


X f^(X)  dX 


dl(ui 


,,o,t)'l 


-I 


dt 


I(U)£.)* 


soit,  compte  tenu  de  (12)  et  (7) 


> l(«g.o,t) 


ou  encore 


dl(u  ,o,t) 
c 


dt 


dI(ui^,o,t) 

dt 


-I 


(23) 


(24) 


Les  chemins  optiques  moyens  < X^  > Etant  des  quar.titEs  integrEes  peuvent  etre  obtenus  avec 
prEcision  meme  si  f^^X)  eat  connu  de  maniere  trEs  approximative  ; le  calcul  de  X(t)  eat  done  beaucoup  plus 
prEcis  que  celui  de  t(X) . 

Les  fonctions  de  distribution  normalisEea  f^(X)  n'Etant  connues  que  pour  des  valeurs  discrEtes 
de  t,  on  utilise  pour  calculer  X(t)  I'expression  approximative  Equi ".ilente 


X(t,t') 


I(si^»OtT')  < X^,  > - I(u^,o,r)  < X^  > 

I(id„,o,t')  - I(u  ,o,t) 
c c 


(25) 


imoEdiatement  dEduite  de  (23)  et  qui  exprime  alors  le  chemin  optique  moyen  asaocic  E la  pEnEtration  dans 
une  couche  diffusante  finie  et  localisEe  entre  les  profondeurs  optiques  t et  t',  'Jne  telle  approximation 
eat  cn  gEnEral  suffiaante  lorsque  t'  - t est  de  I'ordre  de  I ou  2 . 

Il  y a une  trEo_bonne  corrElation  entre  la  pEnEtration  moyenne  t(X)  et  le  chemin  moyen  associE 
E une  pEnEtration  donnEe  X(t),  Dans  le  caa  du  nuage  de  particules  monodispersEes  (o*2) , nous  avons  dEJE 
trouvE  t(50)  2;  t(87)  ^ 12,7  alora  que  la  relation  (25)  permet  d'obtenir  X(9)  o,  49  et  ^(12,7)  2;  86. 


I 

$■ 

16-6 


( 


1,'examen  de  la  figure  {6)_pcrinet  aussi  de  verifier  cette  correlation  puisque  nous  y avona  Iracd  la  fonc- 
tion  inverse  \ (t) , oQ  X(t)  est  calcuie  d'aprSs  (25).  _ _l 

Nous  pourrons  done  raisonnab lament  supposer  que  t(X)  eat  la  fonction  inverse  X (t) , soit 


t(X(t))  « t 
Ut(X))  ■»  X 


(26) 


La  profondeur  de  penetration  sera  done  implicitement  determinee  par  1 'intermediaire  des  relations 
(26)  et,  (25)  ou  (26). 

Le  trajet  reel  auivi  par  lea  photons  3 I'interieur  d'un  nuage  ne  depend  que  du  nomhre  de  parti- 
cules  diffusantea  et  de  leurs  caracteristiques,  il  est  done  independent  de  I'ahsorption.  11  semble  raison- 
nable  d’admettre  qu'en  I'absence  d'absorption,  les  photons  qui  ont  au  total  parcouru  le  chemin  moyen 
associe  3 une  p6n6tration  jusqu'a  la  profondeur  optique  t ont  effect! vement  penetre  jusqu'a  une  profondeur 
voisine  de  t.  F.n  presence  d'absorption,  le  trajet  reellement  auivi  par  les  photons  n'est  nullement  modifie, 
la  profondeur  de  penetration  t(X)  est  done  independante  de  1 'absorption,  mais  puisque  lu  distribution  des 
photons  qui  ont  parcouru  le  chemin  optique  X dans  un  nuage  homogene  est  attenuee  du  facteur  exp(-r  X),  le 
chemin  moyen  X(t)  associe  a une  penetration  jusqu'en  t depend  de  la  frequence  ; les  photons  qui  ont  suivi 
le  chemin  le  plus  long  etant  les  plus  attenues.  L'approximation  (26)  sera  done  utilisee  en  calculant  X(t) 
pour  une  absorption  tres  faible. 

Pratiquement , le  calcul  de  X(t)  au  moyen  de  I'expression  (25)  reste  assez  long  puisqu'il 
necessite  le  calcul  du  chemin  optique  moyen  pour  des  couchr.s  d'epaisseur  optique  croissante.  Pour  obtenir 
ces  quantitea,  il  faut  auparavent  calculer  I'intensite  rtflechie  pour  des  directions  (p,i(’)  et  (u  ,4'^) 
considerees,  pour  plusieurs  valeurs  de  1 'albedo  de  diffusion  u et  ceci  pour  chaque  epaisseur  optique.  11 
serait  done  interessant  d'obtenir  une  expression  approximative  plus  simple  de  X(t),  ce  qui  serait  possible 
a partir  de  I'expression  exacto  (26)  a la  conditions  de  connattre  I'intensite  sous  la  forme  d'une  fonction 
dependant  expliciv.ement  de  1 'epaisseur  optique  t de  la  couciie  consideree  et  de  la  variable  r,  e'est-S-dire 
de  I'albedo  de  diffusion  simple  u.  Seules  les  methodes  approximati ves  de  resolution  de  I'equation  de 
transfer t ont  pour  resultat  des  formulas  analytiques  simples  bien  adaptees  4 ce  genre  de  probleme. 

En  utilisant  la  methale  du  ncyau  exponentiel  (WANG,  1972)  etendu  au  cas  des  couches  finies 
(HERMAN, 1973)  une  expression  approximative  simple  de  X\t)  peut  etre  obtenue  (FOUQUART,  1975).  Dans  le  cas 
des  grandes  profondcurs  optiques  et  lorsque  I - <<  1 cette  expression  se  simplifie  et  I'on  obtient 

X(t)  - {(b^-a6|)  / 3a)  t^  (27) 

_l/'> 

avec  les  conditions  t » t et  t <<(l-u)  ) ' ou  b « 3/2,  a ■ 3/6  et  est  le  premier  coefficient  du 

d^veloppement  de  li  fonction  de  diffusion  en  polynomes  do  Legend 'e . 


VI  - APPLICATION  A L'INTENSITE  REFLECHIE  PAR  UN  NUAGE  INHOMOGENE 


A partir  des  notions  d?f>nies  dans  les  paragraphes  precedents,  il  est  possible  tie  calculer 
approximativement  I'intensite  reflechie  par  une  couche  diffusante  dan,  laquelle  I'absorption  augmentc 
avec  la  profondeur  optique. 

A chaque  chemin  optique  X,  est  associA*  une  couche  (comprise  entie  o et  tfX))  dans  laquelle  les 
photons  corresgondants  ont  ete  reflecb's.  A.nsi  que  nous  I'avons  reraarque  au  paragraph!'  V,  I'epaisseur  de 
cette  couche  (t(X))  est  independante  oe  I'absoiption  oar  les  gaz,  mais  It  nombre  do.s  p' otoi.s  reflechis  est 
attenu6  par  un  facteur  itxp(-kyX/ (o+k  ))  ou  k est  le  coefficient  d'absorption  du  gaz.  Dans  le  cas  oil  k 
est  fonction  de  la  profondeur  opiicue,  Ics  photons  qui  oi.t  parcouru  un  chemin  optique  X,  ayant  en  moyenne 
penetre  jusqu'en  t(X)  ont  subi  u.ie  absirption  caracteristique  de  la  couche  comprisg  oiiLre  o et  t(X^. 
peut  alors  ecrire  <;ue  leur  probabilite  de  soitie  est  attenuee  du  facteur  e!.n(-k^(tj^)  X/ (o+k^))  ou  t^^  repre- 
sentc  la  profondeur  optique  eificact,  ccrapiise  entre  o et  t(X)  et  evideinmant  fonction  de  X. 

Le  chemin  optique  rce  i lenient  suivi  par  les  photons  "ntre  dtux  niveaux  jonsecutifs  t et  t -f  dt 
n'etant  pas  connu,  nous  ne  pouvoi.s  obtc.iir  qu'une  valeiir  tr<'s  approximative  de  t'  . Cependant  pour  les 
photons  qui  pgr'trent  modArement  a l'ii.t£ri*ur  du  nnagr,  le  c''emin  moyen  de  penetration  X(t)  est  propor- 
tionnelle  4 t (equ.  27)  j il  en  resulit  cue  (dX(t)/.t)  dt  “ 2t  dt  represente  le  chemin  moyen  parcouru 
dans  la  couche  comprise  entre  t et  t + dt.  Ge  ii.'-.'n  est  maximum  autour  de  Is  profondeur  de  p6netration 
(t  maximum)  ; de  plus  nous  considerona  le  cas  ou  I'absorption  croit  avec  la  profondeur  ojj|tique  ; les  pho- 
tons les  plus  absorbes  sont  don  les  plus  penetrants  et  la  profondeur  optique  efficacc  t^^  doit  etre  assez 
voisine  de  t(X)  . 

Si,  dans  tout  le  nuage,  I'absorption  etant  constante  et  egale,  a celle  qui  regne  au  sommet 
(k^(t)  s k^(teo)  • k^)  les  photons  parcoureraient  en  moyenne  le  chemin  optique  < >,  soit 

ai  Qo 

< X^  > - X p(X)  exp(-r  X)  dX  / p(X)  exp(-t  X)  dX  , (28) 

o o ^ 


ou  p(X)  a ete  calcule  pour  le  continu  et  r^  - k / (o-^-kj.)  . 

Ces  photons  p6netreraient  jusqu'a  une  profondeur  optique  voisine  de  t(< 
nuage,  I'absorption  etait  celle  qui  regne  4 cette  profondeur  ( k^(t)  s k.^(t('«  X > 
parcoureraient  en  moyenne  Xj  > calcule  pour  rj  « ri.k|)  et  penetreraient  jusqu'en 


X >) . Si,  dans  tout  le 
f)  «k|jles  photons 
t(''  Xj  >)  . Intui  tivement 
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I'absorption  a essentiellement  affectf  lea  photons  dont  la  profondeur  de  pCnStration  eat  corapriie  antre 
t(<  >)  et  t(<  X)  >),^c'eat  done  dans  cette  aone  que  se  trouv*  la  profondeur  efficace  que  nous  recher- 

chona.  Compte-tenu  du  role  preponderant  joue  par  lea  couches  lea  plus  profondesi  nous  pouvous  raiaonnable- 
ment  identifier  la  profondeur  optique  efficace  S la  profondeur  de  penetration  d'un  nuage  homogfene  equi- 
valent pour  lequel  la  distribution  p(x)  ainsi  que  la  profondeur  t(X)  peuvent  Stre  connues 

•"u  “ (29) 

Cette  relation  definitj^implicj  tement  Ja  profondeur  optique  efficace  qui  s'obtient  gar  un  calcul 
itej^atif  simple  ; initialement  t.  - o et  done  u - u(t«o),  la  premiere  iteration  donne  t,  « t<<  X >)  et 
u(t|)  : la  deuxiSme  iteration  donne  tj  - t(<  X,>  ),  etc...-.  U convergence  est  rapide.  ° 

L'intensite  refiechie  est  done,  4 la  frequence  v 


I(w^.O,t)  ■»  I(uJj,,0,t) 


p(X)  exp(-r(t*)X)  dX. 

. ° 


(30) 


La  methode  que  nous  proposona  est  arbitraire  et  si  elle  ne  semble  pas  deraisonnable,  nous  n'en 
avons  pas  pout  autant  treuve  de  veritable  justification  ; cependant  elle  donne,  dans  I'enseiable,  de  trSs 
bons  resultats. 

. Tests  et  r ompar a is one 


En  diffusion  isotrope,  pouf  un  milieu  semi-infini  et  lorsque  I'albedo  decrott  avec  la  profondeur 
optique  suivant  la  loi  u(t)  - e'®  .CHAMBERLAIN  et  Me  ELROY  (1966)  ont  calcul6  la  profondeur  optique 

efficace  au  moyen  d'une  methode  fort  diff6rente  qui  utilise  I’expression  approximative  des  fonctions  H 
(VAN  DE  HULST,  1 952) , (CHANDRASEKHAR,  1950)  lorsque  1 — Leur  solution,  lorsque  t est  faible 

(1-u)"  «1  et  s « l-u  s'ecrit 


c 


2 


-1 


{3  0-(u(t’*))} 
c 


-1/2 


(3!) 


II  est  d'autre  part,  possible  de  calculer  exactement  l'intensite  r6fiechie  par  un  nuage  inho- 
mogene par  la  m6thode  des  Ordres  Successifs  de  Diffusion  (FOUQUART,  1971),  (Dr’"E, I97A) , cependant  ceci 
n'est  possible  que  pour  un  milieu  d'epaisaeur  optique  finie.  Lots  des  tests  e.  .ctu6s,  I'albedo  maximum 
etudie  etant  de  0,999,  nous  avons  fixe  I'cpaisseur  optique  totale  t - 40,  L«.s  le  cas  homogene  et  si 
(u  • 0,999,  cette  epaiaseur  optique  permet  d'obtenir  l'intensite  refiechie  par  one  couche  semi-infinie 
4 moins  de  I Z prSs.  Les  tableaux  (2),  (3)  et  (4)  permettent  de  comparer  les  incensites  obtenues  4 partir 
de  la  methode  que  nous  proposons  aux  resultats  de  CHAMBERLAIN  et  aux  resultats  exacts  pour  diverses 
valeurs  de  u et  s. 

D'une  faqon  generale,  notre  methode  s'avere  plus  precise  que  celle  de  CHAMBERLAIN  bien  que 
toutas  deux  donnent  de  bons  resultats.  L'erreur  maximum  atteiiit  II  Z dans  le  cas  de  I'incidence  la  plus 
faible  (p  • 0,125)  et  pour  s • 0, I pour  la  methode  de  CHAMBERLAIN  et  reste  inferieure  a 7 Z pour  notre 
methode  (Ug  - 0,999)  ; dans  le  cas  oil  1 'inhomogeneite  est  faible  (s  ■ 0,001)  l'erreur  reste  inferieure 
4 1,5  Z pour  CHAMBERLAIN  et  4 0,5  Z dans  notre  cas, 

II  faut  remarquer,  4 ce  sujet,  que  la  methode  de  CHAMBERLAIN  est  essentiellement  valable  dans 
les  cas  de  faible  inhomogeneite  ce  qui  explique  l'erreur  enregistree  pour  s ■ 0,1.  D'autre  part,  cette 
methode  ne  s'applique,  theoriquement,  qu 'aux  milieux  d'epaisaeur  optique  infinie,  ceci  peut  expliquer  le 
tait  que  dans  le  cas  ou  s - 0,001,  l'erreur  augmente  lorsque  “ croit,  I'epaisseur  optique  utJ'lisee  dans 
les  Ordres  Successifs  pour  approximer  un  milieu  semi-infini  est  sans  doute  trop  faible  et  l'erreur  de 
1,5  Z pour  - 0,999  es’  de  I'ordre  de  grandeur  de  la  precision  des  Ordres  Successifs. 

Nous  avons  effectue  un  test  dans  le  cas  d'un  nuage  compose  de  particules  de  parametre  de  MIE 
a - 2sr/X  ■_2|.et  d'epaisseur  optique  T • 20.  La  variation  de  m en  fonction  de  la  profondeur  optique  est 
iii(t)  “ Wq  e ou  s « 0,001.  Les  resultats  sont  presentes  au  tableau  (5)  ; l'erreur  maximun  (1,7  Z)  est 
atteinte  pour  p » 0,368,  u - 0,999,  mais  il  faut  remarquer  que  1 'expression  approximative  (27)  de  la 
profondeur  de  penetration  que  nous  avons  utilisee  dans  ce  calcul  ne  tient  pas  compte  des  directions  d 'in- 
cidence et  de  reflexion  p^  et  P dont  1 'effet  n'est  pas  entierement  negligeable  pour  les  faibles  valeurs 
de  X;  la  methode  etant  tres  empirique  et  tres  approximative,  on  peut  considerer  que  la  precision  obtenue 
reste  bonne. 


I 
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Tableau  2 

Intanilti  rCfl£chl«  par  un  nuage  laotrope  inhomogiine  u(t)  > u e p - I 

Epaiaaeur  optique  totale  t “ 40  a ■ 0,001  ° 


u 

O' 

W 0,982 

p - 0,587 

V “ 

0,125 

Exact 

Formule 

Exact 

C<»> 

Fomule 

Exact 

c(*) 

Formule 

(29) 

(29) 

(29) 

0,999 

0,797 

0,784 

0,797 

0,792 

0,779 

0,794 

0,710 

0,700 

0,714 

0,998 

O.lfJl 

0,774 

0,784 

0,781 

0,771 

0,7?3 

0,703 

0,694 

0,707 

0,997 

0,771 

0,764 

0,772 

0,771 

0,762 

0,773 

0,696 

0,689 

0,700 

0,996 

0,759 

0,754 

0,761 

0,761 

0,754 

0,753 

0,690 

0,683 

0,693 

0,995 

0,749 

0,744 

0,750 

0,752 

0,746 

0,754 

0,684 

0,678 

0,686 

0,994 

0,738 

0,735 

0,740 

0,743 

0,738 

0,745 

0,678 

0,672 

0,680 

0,993 

0,728 

0,726 

0,730 

0,734 

0,731 

0,736 

0,672 

0,668 

0,674 

0,992 

0,717 

0,720 

0,723 

0,728 

0,663 

0,669 

0,991 

0,709 

0,711 

0,716 

0,721 

0,658 

0,663 

0,9? 

0,708 

0,700 

0,703 

0,717 

0,709 

0,713 

0,660 

0,653 

0,658 

0.97 

0,581 

0,579 

0,578 

0,605 

0,602 

0,603 

0,581 

0,579 

0,580 

0,95 

0,502 

0,501 

0,500 

0,533 

0,532 

0,532 

o,5;»t 

0,527 

0,527 

0,93 

0,445 

0,444 

0,443 

0,480 

0,479 

0,479 

0,487 

0,486 

0,486 

0,91 

0,400 

0,400 

0,400 

0,437 

0,436 

0,436 

0,453 

0,452 

0,452 

0,89 

0,364 

0,364 

0,364 

0,401 

0,401 

0,401 

0,423 

0,423 

0,423 

« Rgsultats  do  CHAMBERLAIN 


Tableau  3 

Intensity  rdflechie  par  un  nuage  isotrope  inhomogene  ui(t)  • uj  e 
Epaisseur  optique  totale  t “ 40  a - 0,01  ° 


1 


0) 

0 

y “ 

0,982 

y - 

0,587 

P - 0,125 

Exact 

formule 

(29) 

Exact 

,(•) 

Formule 

(29) 

F.xact 

Formule 

(29) 

0,999 

0,645 

0,638 

0,642 

0,673 

0,655 

0,668 

0,639 

0,616 

0,637 

0,998 

0,639 

0,634 

0,637 

0,667 

0,651 

0,664 

0,635 

0,614 

0,634 

0,997 

0,634 

0,630 

0,632 

0,662 

0,648 

0,659 

0,632 

0,611 

0,631 

0,996 

0,629 

0,625 

0,628 

0,657 

0,644 

0,655 

0,628 

0,608 

0,627 

0,995 

0,624 

0,621 

0,623 

0,653 

0,640 

0,651 

0,625 

0,606 

0,624 

0,994 

0,619 

0,617 

0,619 

0,648 

0,637 

0,647 

0,622 

0,603 

0,621 

0,993 

0,615 

0,613 

0,614 

0,6^A 

0,633 

0,64? 

0,618 

0,601 

0,618 

0,992 

0,609 

0,609 

0,610 

0,639 

0,629 

0,638 

0,615 

0,598 

0,615 

0,991 

0,605 

0,605 

0,606 

0,635 

0,626 

0,634 

0,612 

0,596 

0,612 

0,99 

0,601 

0,601 

0,601 

0,631 

0,622 

0,630 

0,609 

0,593 

0,609 

0,97 

0,523 

0,52^ 

0,527 

0,559 

0,557 

0,561 

0,554 

0,546 

0,554 

0,95 

0,  A66 

0,470 

0,470 

0,504 

0,504 

0,506 

0,5H 

0,505 

0,511 

0,93 

0,420 

0,424 

0,424 

0,459 

0,459 

0,461 

0,475 

0,471 

0,475 

0,386 

0,385 

0,421 

0,422 

0,423 

0,444 

0,444 

(*) 
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Tableau  U 


Intensiti!  r6fl6chie  par  un  nua^,. 
Epaisaaur  oplique  Lotale  t ■ AO 


isotrope  inhomogi.:nc 
8 “ 0, 1 


V - 0,982 


\i  “ 0,587 


Formula 

(29) 


,396 

0,454 

,394 

0,453 

,393 

0,451 

,392 

0,449 

,391 

0,448 

,390 

0,446 

,389 

0,445 

,388 

0,443 

,386 

0,442 

,385 

0,440 

,363 

0,412 

,343 

0,386 

,323 

0,363 

,305 

0,342 

Formula 

(29) 


■ 0,125 


Formula 

(29) 


'C  • Rgsultats  de  CHAMBERLAIN 


Tableau  5 

Intensite  r6fl6chie  par  un  nuage  inhomogcne  de  particules  monodispers^es  (a»2) 

u(t)  • u a s - 0,001  ^ » - 1 

Epaisseur  optique  ?otale  t - 20  ° 


Formule 

(291 


Formule 

(29) 


,695 

0,690 

,677 

0,673 

,659 

0,658 

,643 

0,643 

0,545 

,628 

0,628 

0,534 

,614 

0,614 

0,524 

,599 

0,601 

0,514 

,586 

0,588 

0,505 

,573 

0,576 

0,496 

,561 

0,564 

0,488 

,463 

0,468 

0,418 

,394 

0,398 

0,367 

16-)0 
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FLUORESCENT  AND  RAMAN  SCATTERING  IN  PARTICLES 


M.  Kerker,  P.J.  McNulty  and  H.  Chew 
Clarkson  College  of  Technology 
Potsdam,  N.Y.  13676,  O.S.A. 


SUMMARY 


When  inele  tically  scattering  molecules  are  distributed  within  a small 
particle,  they  respond  to  the  local  nonuniform  electromagnetic  field  within 
the  particle.  The  outgoing  inelastic  field  is  obtained  by  matching  at  the 
boundary  the  dipole  field  of  the  emitting  molecules  plus  an  internal  field 
with  the  outgoing  field.  In  this  way,  it  is  possible  t'>  express  the  inelas 
tic  radiances  in  terms  of  the  geometry  and  optical  properties  of  the  parti- 
cle, of  the  distribution  of  inelastically  scattering  molecules  v’ithin  the 
particle,  and  of  the  molecular  polarizability,  for  both  coherent  and  inco- 
herent scattering. 

1 . INTRODUCTION 


Radiant  energy  absorbed  by  small  particles  is  often  degraded  to 
heat  and  in  the  atitosphere  this  will  affect  the  transport  of  solar  radia- 
tion and  ultimately  the  climate.  In  addition,  the  particle  itself  may  be 
impelled  to  move.  The  origin  of  such  motion  lies  in  the  nonuniform  elec- 
tromagnetic field  within  the  particle  which  in  turn  results  in  nonuniform 
generation  of  heat  and  in  a steady  state  nonuniform  temperature  distribu- 
tion at  the  surface  (KERKER  and  COOKE, 1973).  In  space,  this  will  give 
rise  to  a contribution  to  the  radiation  pressure  which  has  heretofore  been 
overlooked,  and  in  the  atmosphere  there  will  be  a radiometric  force  whic)i 
will  move  the  particle,  a motion  termed  photophoresis  (KERKER,  1974)  . 

The  same  nonuniform  electromagnetic  field  within  the  particle  may 
excite  molecular  transitions  if  appropriate  species  are  present.  This  will 
result  in  emission  at  frequencies  other  than  that  of  the  incident  radiation 
Fluorescent  and  Raman  scattering  are  examples  of  such  transitions.  In 
this  paper,  we  pose  the  following  questions:  How  does  such  inelastic  scat- 

tering depend  upon  the  particle  geometry  and  refractive  index?  How  does 
it  depend  upon  the  distributions  of  inelastically  scattering  molecules  with 
in  the  particle? 

There  are  a number  of  areas  where  these  questions  arise.  For 
example,  the  particle  may  be  a biological  cell  which  has  been  tagged  with 
fluorescent  molecules  that  attach  to  the  DNA,  the  cytoplasm,  or  the  cell 
membrane.  The  fluorescence  can  then  be  used  to  monitor  specific  cell  func- 
tions or  in  cell  identification  and  sorting  systems.  (BONNER  et  a_l . , 1972; 
YATANGAS  and  CLARKSON,  1974) . 

As  another  example,  atmospheric  aerosols  may  fluoresce  (GELBWACHS 
and  BIRNBAUM,  1973)  and  this  might  be  used  to  provide  a means  for  chemical 
identification  of  ambient  aerosols  and  to  measure  aerosol  content  in  the 
atmosphere.  Also,  Raman  and  fluorescent  backscattering  are  used  for  remote 
sensing  of  molecular  species  in  the  atmosphere.  If  the  broadband  fluores- 
cence signals  of  the  aerosol  constituent  should  fall  in  the  detection  band 
for  the  Raman  scattering  or  fluorescence  of  the  free  molecules,  this  will 
interfere  with  LIDAR  determinations  based  upon  these  interactions. 


2.  MODEL  FOR  FLUORESCENT  AND  RAMAN  SCATTERING  BY  MOLECULES  EMBEDDED 

IN  PARTICLES 

The  point  of  view  here  is  classical.  The  local  exciting  field 
within  the  particle  and  the  angular  distribution  of  the  emitted  radiation 
depend  strongly  upon  the  particle  geometry  and  refractive  index.  The 
molecular  transitions  depend  only  on  the  local  field. 
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The  model  Is  depicted  In  Fig.  1.  If  an  electromagnetic  wave  of 
angular  frequency  is  incident  on  a particle,  the  scattered  radiation 
will  consist  of  an  elastic  part  (at  angular  frequency  u^)  and  an  inelastic 
part  at  other  frequencies.  We  consider  here  only  inelastic  scattering  which 
arises  from  molecular  transitions  and  omit  consideration  of  quasielastic 
Brlllouin  scattering.  The  electromagnetic  field  inside  the  particle  like- 
wise consists  of  a transmitted  field  (at  frequency  u^)  and  secondary  fields 
at  other  frequencies. 


The  solution  for  the  elastically  scattered  field  is  obtained  by 
matching  the  transmitted  field  with  the  external  field  (sum  of  incident  and 
scattered  field)  at  the  boundary.  The  scattering  cross  section  is  obtained 
by  summing  over  the  scattered  radiances  and  the  absorption  cross  section  is 
obtained  from  an  energy  balance  or  from  the  "extinction  theorem".  (See 
KERKER,  1969,  where  earlier  reference;!  to  the  work  of  Lorenz,  Love  , Mie, 
Debye,  et  are  cited  ) 

We  now  turn  to  the  matter  of  inelastic  scattering  by  molecules 
within  the  particle.  These  may  be  distributed  as  an  admixture  or  as  a 
solid  solution  or  they  may  comprise  the  particle  completely.  The  molecular 
transitions  are  excited  by  the  local  electromagnetic  field  just  as  if  the 
molecules  were  in  the  bulk  material;  the  quantum  mechanical  processes  are 
not  affected  by  the  particle  boundary.  Accordingly,  the  emission  at  « 
particular  frequency  ( w ) will  be  proportional  to  the  localized  absorption 
at  the  exciting  frequency  {u^) . 

This  leads  directly  to  a comparison  between  the  inelastic  scatter- 
ing by  a particulats  system  and  that  for  the  same  volume  of  substance  in 
the  bulk.  Of  course,  now  we  restrict  the  system  to  a uniform  distribution 
of  inelastically  scattering  molecules.  The  ratio  for  inelastic  scattering 
will  be  the  same  as  the  ratio  of  absorption  of  electromagnetic  radiation  at 
the  exciting  frequency  in  the  particulate  system  relative  to  the  absorption 
in  the  bulk  and  is  given  by  (KERKER,  19T3) 


n 


ss 


Cabs/*'^ 


(1) 


where  is  the  absorption  cross  section  of  the  particle,  k is  the  bulk 

absorption  coefficient  of  the  substance  and  I Is  the  thickness  if  the  par- 
ticle were  to  be  smeared  out  as  a thin  layer  of  unit  cross  sectional  area. 

The  effect  can  be  illustrated  by  consideration  of  a spherical  par- 
ticle that  is  small  compared  with  the  wavelength;  then  Rayleigh's  law  holds 
and 


n = (-1.5/nx)  Im  ((m*-  1)  (m*+  2)]  (2) 


where  nK  is  the  imaginary  part  of  the  complex  refractive  index  m and  Im 
denotes  the  imaginary  part  of  the  expression  which  follows  it.  The  mag- 
nitude of  the  effect  is  illustrated  in  the  following  table: 


Table  1* 

ra 

n 

1.29 

- O.Oli 

.87 

1.50 

- O.Oli 

.75 

2.00 

- O.Oli 

.50 

2.20 

- O.Oli 

.42 

3.00 

- O.Oli 

.22 

* The  values  of  n tabulated  in  M. 
Kerker  (1973)  are  each  in  error 
by  the  factor  1/n. 
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Obviously  thsre  would  b«  gross  errors  If  the  volume  of  fluorescent  sieterlal 
were  to  be  estimated  without  taking  Into  account  the  effect  of  the  particu- 
late nature  of  the  sample. 

This  model  can  be  articulated  In  mure  detail  to  ans^rcr  the  questions 
raised  at  the  beginning  of  this  paper.  The  Inelastlcally  scattered  field 
will  be  expressed  In  terms  of  the  geometrical  and  optical  properties  of  the 
particle,  of  the  distribution  of  Inelastlcally  scattering  molecules  within 
the  particle  and  of  the  polarliabllity  of  these  molecules.  The  emission  at 
any  location  within  the  particle  Is  characterized  by  the  field  of  an  Induced 
dipole  at  this  location  whose  moment  Is  given  by  the  effective  polarizability 
(a  tensor  In  general)  multiplying  the  transmitted  electric  field.  The  polar- 
izability must  be  known  from  studies  of  the  substance  In  the  bulk  and  from 
the  distribution  of  the  active  molecules  within  the  particle.  The  trans- 
mitted field  Is  known  from  the  elastic  scattering  problem  (KERKER  and  COOKE, 
1973)  so  that  the  Induced  dipole  and  Its  field  can  be  expressed  In  terms  of 
known  parameters.  In  addition,  there  will  be  an  Internal  field  due  to  the 
particle  boundary  and  outside  of  the  particle  there  Is  the  outaolnq  field 
at  this  frequency.  The  outaolnq  field  can  t>e  determined  In  terms  of  the  di- 
pole field  by  the  standard  boundary  conditions  which  state  that  a frequency 
(1)  . the  tanqentlal  components  of  the  field  vectors  within  the  particle  (di- 
pole plus  internal  field)  and  outside  must  be  continuous  at  the  boundary. 

For  an  arbitrary  distribution  of  inelastlcally  scattering  spc  ies 
within  the  particle,  the  result  can  be  obtained  by  superposition.  For  1.0- 
herent  scattering  the  fields  arising  from  different  locations  within  the 
particle  must  be  added;  for  incoherent  scattering  the  radiances  must  be  added. 


3.  RESULTS 

The  detailed  analysis  has  been  presented  elsewhere  (KERKER  et  al . , 
1976) . Here  we  write  down  the  principle  results.  The  notation  is  that 
of  Jackson  (1962),  except  for  the  vector  spherical  harmonics  which 

are  written  in  the  notation  of  Edmonds  (1957)  . ■' 

Consider  an  Induced  dipole  p oscillating  at  the  shifted  frequency 
u)  at  some  arbitrary  coordinate  r'  Inside  a dielectric  particle  (medium  1) . 
The  strength  of  the  dipole  Is  assumed  to  be  a linear  function  of  the  compo- 
nents of  the  transmitted  field  J?(r',w^).  The  vector  potential  at  the 
coordinate  r due  to  this  dipole  may  be  written,  after  suppressing  the 
factor  e“iut. 


” 3^(k^r)h'^>(k^r•)YJ^(^)Y  (^),  (3) 

K.  #n\ 


where  we  have  used  the  standard  expansion  of  ' /|r-r' 1 in  terms  of 

spherical  harmonics  and  Bessel  functions.  The  magnetic  induction  due  to  this 
dipole  is 


i ,m 


)h 


(1)’, 


(k^r)rxpY*^^(r')Y^^(r) 


+ (4;rikj^Vr)  E j (k^^r  • )h}^Nk^r)px (^)  ] 
t ,m 


(4) 


• 


174 


where  j j,  denote  spherical  Bessel  functions,  and  h,<^)'(x,  - 

(d/dx)hj(l) (x) . We  expand  this  and  the  corresponding  electric  field  in 
series  of  vector  spherical  harmonics 


Sd<r) 


r {aj.(4.m)h<lNk^r)?,,^(;) 


- (ic/o))a„(«..m)Vx[h{^’  ^ ^ 

S^(r)  =■  Z { (ic/nj^io)ag(!,,m)  Vx(h|^^  (kj^r)?j^j^i^(r) 
£ ^in 

+ a„U,m)h;i^  (k^r)5,,^(;)). 


The  internal  fields  due  to  the  particle  can  be  expanded  similarly  if  we 
replace  h, by 


£ iin 

- (ic/u)bj^(i,m)  Vx(jj^(kj^r)5jj^j^jj^(r)  ] 

i (r)  - t { (ic/n|o))bgU,m)Vx(jj^(k^r)Yj^j^j^(r)) 

1 #in 

+ bjj(f  ,m)  jjj^  (kj^r)?j^jj^^(r)  (6) 


Here  and  below,  n,  ^nd  denote  the  Indices  of  refraction  of  media  1 and 
2,  respectively.  ■*■  le  magnetic  induction  and  electric  field  Inside  are 
given  by,  respecti . aly. 


g^(r)  - i^(r)  + 2p(r),  \(r)  - S^(r)  + Sp(r).  (7) 


The  scattered  fields  outside  the  particle  (medium  2)  have  similar  expan- 
sions 


S2<r)  - I {Cj,a,m)hj[^Nk2r)?j|^jij(r) 

» ,m 

- (ic/a))c„(f,m)Vx(hJ^>  ^ ^ 

t^(r)  - I { (ic/n»u))Cg(t,m)Vx(hj[^Nk2r)?jjjj^(^)] 

1 fin 

+ c„U,m)hj[^’ (8) 
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TtM  oo«fflol«nta  a_(t,m)  and  au<i,m)  In  Eq.  (5)  may  ba  ob^ainad 
from  Eq.(4)  by  using  tha  orthogonal  propartlas  of  tha  vactor  spharlcal 
harmonics.  Tha  datalls  of  this  quits  langthy  calculation  hava  ba^n 
glvan  alsawhara.  Tha  rasults  may  ba  writtan 


whara 


a^d.m)  - 2irikj[tt(t+l)  (2t+l)l"^‘'^j^{k^r')p 
• I(t+1)  (2»-l)“^''‘‘jt_3L<kj^r')c" 


a^(t,m)  --2iiik*(«/c)  (t(l+l)“^^^jj(k^r')p-S 


e/  - t(l+m)  (l+m-l)l"^/Vj^_j^ 


-t<*-"'J‘-m-l)l^''^Y\-l,i«+l(r') 


c ■ - -KCU+m) 


(9) 
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+ l(l-m)  U-m-l)l^''Vjj_^ 


- -2(U+m)  U-m)l^-^*y*^_^  „,<r') 


(10) 


- (U+m+1)  U+m+2)]^/*y*^^ 


- ((t-m+1) 


“ iU(»+m+l)  (t+m+2)l^''Vj^^ 


+ IU-m+1) 


c/  - -2[(i+m+l)  Ot-m+DJ^/^y*,^,  (i’) 

* JiTX»in 
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and 

+ t(Um)  (l-m+Dl^-'^Yj  |^_j(r*) 

My  - i{((t-m)  U+m+l)l^/V^ 

- t(t+m)  (l-m+l)]^''^y*j^  jj_j(r')> 

- 2mY*j^n^(r') . (ID 


The  expansion  coefficients  c_(i,m)  and  c„(i,m)  for  the  scattered 
fields  are  determined  in  terms  of  trie  coefficients  a_(i,m)  and  aj.(t,m) 
given  $bove  by  tjje  boundary  conditions  that  the  tangential  components 
of  “ ®2(>^)/W2  to  those  of  E,  (r)  and  H ' 

B,  (rf/iii*  respectively,  at  tne  surface  of  the  particle.  For 
special'‘'case  when  the  particle  is  a sphere  of  radius  a,  these  boundary 
conditions  give 


,1.  (r)  — 
tne  important 


Cj.(t,ra) 


(iW2n*/kj^a)aj.(*.,m) 


^2"l^t**'l®^  l (kj^aj^^  (k^a) ) ' 


(12) 


Cj^U.tn)  - 


(iP2/kj^a)aj^(l,m) 

(k2s)  (kj^ajjj  (kj^a)  1 Mj^j^(kj^a)  (kjahjJ^^  (k2a)  ) ' 


(13) 


where  Ixf(x)]'  denotes  (d/dx) [xf (x) ] . We  have  used  the  properties  of 
the  Wronsltlans  of  the  spherical  Bessel  functions  to  simplify  the  numer- 
ators. The  scattered  fields  at  large  distances  are  given  by  replacing 
hjj(^Mk2r)  by  its  asymptotic  form  (-i)  *'‘*’^e^*^2>^/k2r  in  Eq.  (B)  . 


4.  DISCUSSION 


Detailed  calculations  of  the  differential  scattering  cross  sections  for 
spherical  particles  based  on  this  model  are  in  progress.  They  require  extensive 
computer  calculations  of  the  type  needed  for  Mie  scattering.  These  calculations 
will  determine  the  extent  of  the  deviation  between  fluorescence  and  Raman 
scattering  by  moleculet-  embedded  in  small  particles  and  the  corresponding  cross 
sections  for  inelastic  scattering  by  the  same  molecules  ii  bulk.  Only  when  these 
corrections  can  be  made  can  LIDAR  techniques  be  used  for  quantitative  determination 
of  the  presence  of  specific  molecules  in  the  atmospheric  aerosol. 
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DIM 

QUESTIONS  AND  COMMENTS 
ON  SESSION  II 

CALCULATIONS  OF  POLARIZATION  AND  RADIANCE  IN  THE  ATMOSPHERE 


Mr  W.H.lrvine:  What  form  of  ocean-atmosphere  interface  did  you  consider? 

Dr  G.N.Plass:  We  have  done  calculations  for  both  smooth  ocean  surface  and  an  ocean  with  waves.  In  the  latter 

case  we  used  the  Cox-MunK  distribution  of  wave  slopes.  Each  time  that  a photon  struck  the  ocean-atmosphere 
interface,  a particular  slope  for  the  ocean  surface  was  chosen  ."rom  the  Cox-Munk  distribution  of  wave  slopes. 

Mr  R.W.Fenn:  There  might  be  some  considerable  practical  use  in  looking  at  the  wavelength  dependence  of  the 
polarization  of  radiation.  Have  you  made  any  calculation  for  that? 

Dr  G.N.Plass;  Yes,  we  have  made  calculations  at  several  different  wave  lengths  in  the  visible  and  near  infrared. 
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METHODS  POUR  RESOUDRE  L'EQUATION  DE  TRANSFERT  RADIATIF  DANS  DES  COUCHES  D'EPAIS- 

SEUR  FINIE 

Dr.  W.  M.  Irvine:  How  does  the  accuracy  of  the  DART  method  compare  In  general  to  the  other  methods? 

Dr.  J.  Lenohle:  We  have  comparisons  for  two  or  three  cases  of  haze  and  clouds  with  albedo  for  single 
scattering  equal  to  one  and  0.  9 and  the  accuracy  seems  to  remain  always  of  the  order  of  10%; 
that  means  it  is  less  accurate  than  methods  like  spherical  harmonics  and  about  of  the  same  accur- 
acy as  Monte  Carlo  method. 


THEORETICAL  STUDIES  OF  THE  TRANSFER  OF  SOLAR  RADIATION  IN  THE  ATMOSPHERE 

Dr.  W.  Edll;  Did  you  make  calculations  also  for  atmospheres  which  are  realistic  for  the  European 

Scenario,  as  most  of  the  model  atmospheres  of  McClatchey  don't  seem  to  fit  very  well  with  i.e. 
German  atmospheric  conditions? 

Dr.  M.  J.  Kerschgens;  No  we  didn't.  The  only  realistic  profile  we  have  used  so  far  is  th^  sounding  of 
the  vessel  Meteor. 


Dr.  W.  M.  Irvine:  What  angular  reflectivity  did  you  use  for  Seharan  sand?  What  maximum  optical 
depths  did  you  treat  using  the  method  of  successive  scattering? 

The  pronounced  effect  of  the  heating  rate  which  you  find  for  Saharan  sand  in  the  atmosphere  is  simi- 
lar to  the  effects  observed  on  the  planet  Mars  during  Martian  dust  storms. 

Dr.  M.  J.  Kerschgens:  We  supposed  the  surface  to  be  a Lambert  surface.  I think  the  maximum  optical 
depth  that  can  be  computed  with  this  method  is  about  10. 

Dr.  P.  J.  Wright:  Have  you  taken  into  account  the  effect  of  self-pressure  broadening  of  water  vapor, 
which  I have  seen  reported  as  being  responsible  for  errors  of  several  ®C/Hr  in  the  atmospheric 
heating  rates  near  sea  level  if  neglected? 

Dr.  M.  J.  Kerschgens:  We  took  into  account  the  pressure  broadening  by  using  the  reduction  form 

(P/Po)n,  the  exponent  depending  on  the  gases  which  absorb  and  on  the  bands  where  these  gases 
absorb.  Thermal  broadening  can  be  neglected  as  shown  by  Russian  authors  in  connection  wi'.h 
the  work  of  Moskalenko. 


THE  MEASUREMENT  PROGRAMME  OPAQUE  CF  AC/243  (PANEL  IV/RSG8)  ON  "£KY  AND  TERRAIN 

Radiation" 

Dr.  D,  H.  Watson:  Are  you  able  to  give  any  Information  on  the  format  of  data  from  the  data  bank?  Will 
it  be  computer  compatible?  Written  record  or  tape? 

Dr.  T.  Bakker:  All  the  measured  data  will  be  sent  to  a central  Data  Bank,  located  in  the  United  King- 
dom. They  will  be  sent  every  month  in  an  agreed  format  from  all  sites  to  the  U.  K.  Certainly 
the  agreed  format  is  computer  compatible. 

The  total  information  content  of  the  data  bank  will  be  stored  on  magnetic  tapes.  These  tapes  are 
available  to  participants  in  the  project  only. 

Every  three  months  there  will  be  an  output  of  the  data  bank  in  the  form  of  histograms. 


Dr.  David  L,  Fried:  Will  the  cloud  cover  measurements  include  cloud  altitude  data?  Information  on 

cloud  ceilinr  height  in  the  first  several  km  is  of  direct  significance  in  certain  military  applications. 

Dr.  T.  Bakker:  The  exact  measurement  method  of  the  cloud  cover  has  not  yet  been  determined.  In 
particular  at  night  the  measurements  cannot  be  easily  performed  in  an  automatic  way. 

ssides  the  infe  mation  on  cloud  ceilings  from  nearby  meteorological  stations,  measurements  of 
cloud  heights  are  under  consideration  at  some  of  the  OPAQUE  Sites. 

. ’ >■  ■ 

Dr.  P.  J.  Wright:  Can  you  please  say  why,  when  it  is  anticipated  that  future  military  systems  will  in- 
creasingly use  the  infrared  regions  of  the  spectrum,  that  the  emphasis  appears  to  be  placed  on 
photopic  measurements,  particularly  in  the  Minimum  required  program. 

Dr.  T,  ejakker:  I agree,  we  would  have  liked  more  infrared  measurements  in  the  Minimum  program. 
However,  reliable  far-lnfrarcd  measuring  equipment  is  still  rare  and  as  all  far-infrared  equip- 
ment is  rather  expensive.  Including  the  additional  measurement  program,  the  following  parame- 
ters will  be  measured: 
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• the  transmission  in  four  bands  of  the  far-infrared  atmospheric  windows. 

« the  variations  in  the  radiation  temperature  along  a vertical  track  (Sky-  and  Terrain  Scanner) 

• direct  measurements  of  contrast  loss  in  various  bands  of  the  far -infrared  wavelength  region. 


As  has  been  mentiv..  d in  the  paper,  the  aerosol  measurements  will  be  carriod  out  at  most  of  the 
sites,  and  they  are  of  much  use  for  the  interpretation  and  forecasting  o,  infrared  transmission 
properties.  Besides  the  measurement  results  of  the  pyrheliometer  give  informalion  that  can  be 
used  for  correlation  purposes  with  the  apparent  variations  in  radiation  temperature  in  the  terrain. 
Also,  the  meteorological  data  (relative  humidity,  rain  rate)  will  give  useful  information  for  the 
interpretation  of  infrared  data. 


II 
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EXPERIMENTAL  AND  COMPUTATIONAL  COMPARISON  OF  DIFFERENT  METHODS  FOB  DETERMINA- 
TION OF  VISUAL  RANGE 

Dr,  J,  Van  Schie:  The  AEG  instrument  has  a thick  bar  above  the  scattering  volume,  therefore  it  cannot 
measure  correctly  during  rain  and  snow.  Did  you  also  try  out  tlie  instrument  turned  over  390°? 

Dr.  W.  Buchtemann;  The  instrument  is  equipped  in  its  present  form  with  an  electronic  limiting  cir- 
cuitry preventing  large  pulses  from  being  processed  in  order  to  eliminate  false  signals  produced 
by  small  flying  nimals,  and  preventing  also  signals  produced  by  rain  or  snow  from  being  re- 
corded. 


FLUORESCENT  AND  RAMAN  SCATTERING  IN  PARTICLES 

Dr.  R.  A,  McClatchey;  I don't  fully  understand  the  applications  of  this  theoretical  study.  Can  this 

method  be  used  to  determine  the  physical  and  chemical  properties  of  particulates?  Can  you  give 
us  some  examples? 

Dr.  P,  McNulty:  The  model  determines  how  the  induced  fluorescence  and/or  Raman  scattering  change 
for  molecules  in  particles  or  droplets  from  what  is  observed  when  the  molecules  lie  in  a bulk 
medium.  This  correction  is  .-necessary  for  remote  sensing  applications  that  involve  aerosols  or 
particles.  The  angular  distribution  and  polarization  of  the  emitted  radiation  may  be  used  to  ob- 
tain information  on  the  size  of  the  particles  or  droplets.  When  this  data  is  combined  with  elastic 
light-scattering  data  measured  simultaneously,  they  can  be  used  to  provide  information  on  the 
distribution  of  scattering  molecules  within  the  particle. 


Dr,  W.  M.  Irvine:  I am  surprised  tliat  in  treating  what  is  basically  a quantum  phenomenon  such  as  the 
Raman  effect  you  can  use  a purely  classical  treatment.  Aren't  the  perturbations  of  the  molecules 
of  interest  by  the  surrounding  molecules  of  the  aerosol  of  great  importance?  How  in  practice  do 
you  know  how  to  distribute  the  fluorescing  molecules  within  an  aerosol  particle,  or  does  it  make 
much  difference? 

Dr,  P.  McNulty:  A classical  treatment  of  the  type  outlined  here  provides  what  in  our  opinion  is  the  best 
method  of  calculating  the  portion  of  the  incident  field  that  resches  each  molecule  of  interest  within 
the  particle.  It  is  also  used  to  determine  how  the  fluorescence  is  altered  as  it  leaves  the  particle 
because  of  the  geometrical  and  optical  properties  of  the  particle.  The  actual  molecular  transitions 
are  of  course  quantum  phenomena  and  are  influenced  by  the  molecules  interactions  with  its  neigh- 
bors. We  assume  here  that  these  perturbations  are  the  same  in  a particle  of  a given  composition 
as  they  would  be  in  the  same  material  in  bulk  form. 

M.  Kerber  and  J.  Krathavil  at  Clarkson  are  preparing  spherical  polystyrene  particles  that  con- 
tain uniform  distributions  of  fluorescing  dve  molecules  for  experimental  comparison  with  the 
model.  Until  we  have  computer  calculations  and  experimental  data  to  test  the  model,  it  is  not 
possible  to  state  wi:h  certainty  how  great  the  effect  of  changing  the  distribution  of  fluorescing 
molecules  within  the  particle  will  be  on  the  observed  emission. 
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Summary  of  Session  II 
INCOHERENT  PROPAGATION 
by 

Dr.  G.  N.  Plass,  Chairman 

The  session  on  incoherent  propagation  included  both  theoretical  and  exper.jm|ntal  papers. 

On  the  theoretical  side  it  is  evident  that  one  can  now  calculate  the  intensity  distribution  of  the  multiple 
scattered  sunlight  in  the  atmosphere  from  realistic  models.  This  could  not  have  been  done  a decade 
ago.  The  rapid  progress  is  due  to:  (1)  the  development  of  several  powerful  new  computation  methods 
such  as  matrix  operator,  successive  orders,  iteration,  and  Monte  Carlo;  (2)  the  availability  of  high 
speed  computers  with  large  memories. 

There  are  still  some  theoretical  problems  on  which  additional  development  work  needs  to  be  done  in- 
cluding; (1)  spherical  coordinates  where  the  spherical  shape  of  the  earth  really  makes  a difference  com- 
pared to  a plane -parallel  atmosphere:  (2)  integration  over  frequency  (when  the  absorption  vt.  ies  rapidly 
with  frequency  as  in  an  absorption  band);  (3)  horizontal  inhomogeneities,  (as  broken  cloud  cover  o>- 
variations  in  ground  surface  with  coordinates). 

Necessary  input  data  to  theoretical  models  include  the  variation  of  temperature  and  density  with  height, 
the  nature  of  the  ground  or  ocean  surface,  and  the  aerosol  properties  (size  distribution  of  radii,  num- 
ber distribution  with  height;  index  of  refraction).  Additional  experimental  work  is  badly  needed  on  the 
reflection  of  light  by  the  ground  and  on  the  aerosol  properties. 

Various  extensive  measurement  programs  of  atmospheric  radiation  such  as  program  "Opaque"  are 
starting.  There  is  need  for  much  more  experimental  information  of  this  type  and  all  serious  programs 
of  this  type  ore  welcome.  It  is  essential  that  the  various  parameters  needed  for  the  theoretical  models 
be  measured  at  the  same  time  as  the  radiative  measures  are  made.  This  will  enable  comparisons  be- 
tween the  theory  an;'  experiment.  There  has  been  reasonable  agreement  in  the  past,  but  a lack  of  knowl- 
edge of  one  or  more  of  the  model  parameters  has  made  exact  comparison  difficult. 
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PHYSICAL  MODEL  FOR  STRONG  OPTICAL 
WAVE  FLUCTUATIONS  IN  THE  ATMOSPHERE 

H.  T.  Yura 

Electronics  Research  Laboratory 
The  Aerospace  Corporation 
P.O,  Box  92957 
Los  Angeles,  California  90009 

ABSTRACT 

This  paper  presents  elementary  derivations  of  the  basic  phase  and  amplitude  statistics  of  an 
optical  wave  propagating  in  a turbulent  medium  (e.g.,  the  atmosphere).  Both  plane  and  spherical  waves 
are  discussed.  We  present  results  that  are  valid  in  the  regime  of  strong  amplitude  fluctuations  (i.e.  , 
the  regime  where  the  variance  of  irradiance  saturates).  We  first  give  an  elementary  derivation  of  phase 
fluctuations,  obtaining  all  of  the  well  known  results  of  Tatarskii.  With  regard  to  amplitude  fluctuations, 
Tatarskii's  geometrical-optics  model  of  scintillation  has  been  generalized  to  include  both  diffraction  and 
the  loss  of  spatial  coherence  of  the  optical  wave  as  it  propagates  through  the  turbulent  medium.  An  esti- 
mate is  obtained  of  the  amplitude  fluctuations  that  agrees  with  the  results  of  perturbation  theory  for 

2 2 2 
Orj, « 1 and  saturates  to  a constant  value  of  the  order  unity  for  o.p»  1 (a.^,  is  the  amplitude  variance 

calculated  on  the  basis  of  perturbation  theory).  In  the  saturation  regime  we  show  that  both  the  plane - 
and  spherical  wave  variance  of  irradiance  saturates  to  the  same  constant  (non-zero  value.  In  addition, 

2 

we  have  calculated  the  amplitude  correlation  function.  For  c.p«  1,  the  amplitude  correlation  function 

agrees  with  the  results  of  perturbation  theory  and  for  the  Kolmogorov  spectrum  is  characterized  by  a 

1/2 

correlation  length  of  the  order  (L/k)  , where  L is  the  propagation  distance  and  k is  the  optical  wave 

2 

number.  Conversely,  for  o.j,  » 1 the  amplitude  correlation  length  decreases  with  increasing  propaga- 
tion distance  and  is  shown  to  be  equal  to  the  lateral  coherence  length  of  the  waves  p (L).  In  this  regime, 
a residual  correlation  tail  is  obtained  in  agreement  with  recent  experiments.  The  temporal  power  spec- 
trum of  the  irradiance  fluctuations  in  saturation  regime  are  derived  and  compared  to  experiment.  It  is 
found  that  the  agreement  is  good. 

1.  INTRODUCTION 


The  study  of  the  statistics  of  optical  wave  propagation  in  turbulent  media  has  received  increased 
interest  in  recent  years.  This  interest  is  due  primarily  to  the  advent  of  laser  systems  operating  in  the 
atmosphere  and  ocean.  For  instance,  the  design  and  development  of  laser  communication  and  radar  sys  - 
terns  operating  in  the  atmosphere  should  be  based  on  the  results  of  the  analysis  of  an  optical  wave  field 
propagating  in  turbulent  media.  Other  areas  of  interest  where  the  interaction  of  an  optical  beam  with 
random  media  is  important  include  astronomy,  optical  reconnaissance  and  remote  sensing.  Therefore 
is  important  to  have  a theory  for  predicting  the  nature  of  the  propagation  of  a beam  of  light  in  a ran- 
dom medium.  During  the  last  fifteen  years  a great  deal  of  progress  wa.'  made  on  this  problem  [1-5]. 

In  particular , useful  expressions  were  obtained  for  essentially  all  optica,  wave  quantities  of  interest. 

In  particular,  results  have  been  obtained  for  beam  irradiance,  scintillation,  coherence,  etc.,  as  a func- 
tion of  propagation  distance  .L,  optical  wave  number  k (equal  to  2ir  divided  by  the  optical  wavelength  \), 
and  the  parameters  that  describe  the  turbulent  medium.  These  results  were  shown  to  be  in  fairly  good 
agreement  with  experiment.  The  agreement  between  experiment  agrees  very  well  with  theory  in  the 
regime  of  weak  fluctuations.  In  the  regime  of  strong  fluctuations,  that  is,  in  the  regime  where  the  vari- 
ance of  irradiance  saturates,  experiment  and  the  results  of  recent  theoretical  efforts  [6,7,8]  appear  to 
agree  well  qualitatively,  and  quantitatively  [9]. 

Although  a great  body  of  literature  exists  on  this  subject  (see  for  example  P.efs.  4 and  5 for  excel- 
lent reviews  that  list  several  hundred  references),  much  of  the  analysis  is  mathematically  complex,  in- 
hibiting an  understanding  of  the  underlying  physical  optic  effects.  In  this  paper  we  will  derive  the  basic 
amplitude  and  phase  statistics  which  play  a central  role  in  propagation  theory  using  a minimum  of  mathe- 
matics. Rather,  we  will  employ  physically  intuitive  arguments  that  will  enable  us  to  obtain  all  of  the 
plane  and  spherical  wave  statistics  (to  within  a numerical  multiplicative  factor  of  the  order  unity).  We 
believe  that  a physical  approach  is  useful  for  a complete  understanding  of  wave  propagation  in  turbulent 
media  and  should  be  used  in  a complimentary  fashion  along  with  the  rigorous  derivations  given  in  the 
literature. 

Firot  we  will  outline  the  mode.,  assumed  for  the  index  of  refraction  fluctuations  in  the  atmosphere 
and  then  give  a physical  derivation  of  phase  and  amplitude  statistics.  Random  fluctuations  of  tempera- 
ture in  the  earth's  atmosphere  result  in  fluctuations  in  the  index  of  refraction.  These  fluctuations  are 
in  general  functions  of  the  position  r_  and  time  t so  that  the  index  of  refraction  n can  be  written  as 

n(r,f'  = 1 + nj(r^,t),  (1) 

where  n<  is  the  fluctuation  in  the  index  of  refraction.  For  clear -air  atmospheric  turbulence,  we  have 
that  |ni|  « 1,  and  = 0,  where  angular  brackets  denote  the  ensemble  average.  It  is  also  possible 
to  assume  that  the  temporal  dependence  of  nj  is  mainly  due  to  a net  transport  of  the  inhomogenieties  of 
the  medium  as  a whole  past  the  line  of  site  (e.g.,  due  to  atmospheric  winds)  so  that  nj(£,  t)  = 
ni(r_  - v(r_)t),  where  v{r)  is  the  local  "wind"  velocity.  This  assumption  is  known  as  Taylor's  frozen- 
flow  hypothesis  and  appears  to  hold  in  most  practical  cases  of  interest.  Here  we  are  primarily  inter- 
ested in  obtaining  spatial  statistics  and  so  for  the  moment  we  ignore  the  temporal  behavior  of  n^, 
returning  to  temporal  effects  later. 
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For  simplicity,  we  assume  that  the  turbulence  condition  are  both  homogeneous  and  isotropic. 
For  atmospheric  turbulence  we  employ  the  much  used  Kolmogorov  model  according  to  which  within  a 
particular  range  of  separations  between  r_j  and  r^  that 

<[n(r^)  - n(r2>]^>  = C^|r_^  - f ^ « j r ^ - r^  ] « (2) 

where  and  are  called  the  inner  and  outer  scales  of  turbulence,  respectively,  and  is  called  the 
index  structure  constant.  In  the  atmosphere,  f ^ is  of  the  order  a few  millimeters  to  a centimeter  and, 
for  horizontal  propagati  on  in  the  lower  atmosphere,  is  of  the  order  the  height  above  ground. 

For  turbulent  eddy  sizes,  of  characteristic  length  r,  within  the  inertial  subrange  (i.e. , 
r « Lq),  the  Kolmogorov  "2/3"  law  implies  that  to  a nmnerical  multiplicative  factor  of  the  order  unity 
the  mean  square  index  fluctuation  associated  with  the  scale  size  r increases  as  the  two-thirds  power  of 
that  scale  size.  That  is. 


<ni<r)>  ■ 


Cn  r . 


io«r« 


For  separations  larger  than  Lq,  the  mean  square  index  fluctuation  does  not  increase  with  increasing 

2 2/3 

separation,  rather  it  levels  off  to  a value  of  the  order  . Conversely,  for  separations  small  com- 

pared with  fg,  friction  effects  due  to  viscosity  result  in  a very  rapid  decrease  in  the  index  fluctuations 
and  for  many  applications  can  be  taken  as  being  equal  to  zero  (f  ^ is  frequently  smaller  than  any  length 
of  interest  in  a propagation  problem  resulting  in  negligible  contributions  due  to  the  smallest  scale  sizes). 

In  summary,  the  present  analysis  is  restricted  to  a weakly  inhomogeneous  medium  with  character- 
istic scale  lengths  much  greater  than  the  optical  wavelength.  Furthermore,  it  is  assumed  that  the  char- 
acteristics of  the  medium  do  not  change  appreciably  during  an  oscillation  of  the  optical  field,  for  other- 
wise frequency  spreading  (Doppler  effects)  becomes  important.  At  ir  and  visible  wavelengths  this  condi- 
tion is  satisfied  in  the  atmosphere.  The  electromagnetic  field  considered  has  a time  dependence  given 
by  exp(i(ut).  The  time  dependent  wave  equation  is  replaced  by  the  He’ tiholtz  equation  for  a random  inho- 
mogeneous medium.  The  electrical  conductivity  and  magnetic  per'  ’ -■bility  of  the  medium  are  taken  to 
be  0 and  I,  respectively.  Finally,  only  the  case  of  a scalar  (plane  .nd  spherical)  wave  propagating  in  a 
spatially  homogeneous  and  isotropic  turbulent  medium  is  discussed. 

2.  PHASE  STATISTICS 


Consider  a plane  wave  impinging  on  a random  medium  that  occupies  the  half-space  z s 0.  Normal- 
izing the  amplitude  of  the  wave  to  unity  in  the  absence  of  turbulence  and  suppressing  the  time  dependence 

ikL 

we  have  that  the  optical  wave  at  propagation  distance  L can  be  expressed  as  e .In  the  presence  of  the 
random  medium  we  express  the  optical  wave  function  as  U(jr)  = A exp(ikL  + ip),  where,  in  general,  both 
the  amplitude  perturbation  A and  phase  perturbation  f are  random  functions  cf  position  ^ in  the  medium. 
In  this  section  we  assume  that  A is  constant  and  consider  phase  fluctuations  only.  ”* 

The  mutual  coherence  function  (MCF),  which  is  defined  as  the  cross -correlation  function,  i.e.  , 
second  statistical  moment,  of  the  complex  field  in  a plane  perpendicular  to  the  mean  direction  of  propa- 
gation, is  important  for  a number  of  reasons  (e.g. ; it  describes  the  loss  of  coherence  of  an  Initially  co- 
herent wave  propagating  in  the  medium).  Neglecting  amplitude  effects  the  MCF  is  given  by 


M a <U(r^)  U*(£2»  = <«xp{’[^(l.l)  - 0(l2)]}>  (4) 

where  2 ~ ^£-1  2'  £-1  2 ^ two-dimensional  vector  in  a plane  transverse  to  the  optic  axis  at 

propagation  distance  L (see  Figure  1). 

In  order  to  calculate  the  ensemble  average  indicated  in  Eq,  (4),  it  is  convenient  to  first  obtain  an 
expression  for  p(£).  To  this  end,  we  note  that  since  \«  turbulent  scale  sizes  of  the  medium,  geometri- 
cal optics  should  yield  a reasonable  estimate  for  p(r)  [l,2j.  We  will  show  that  geometrical  optics  is  en- 
tirely adequate  to  obtain  the  second  order  phase  statistics,  first  obtained  by  Tatarskii  [1,2]  and 
Chernov  [3]. 

According  to  geometrical  optics,  the  phase  perturbation  <p  resulting  from  the  fluctuation  in  the 
index  of  refraction  nj  is  given  by 

p = k f nAe)  ds  (5) 

path 

where  s is  position  along  the  ray  path.  For  plane  waves  the  paths  are  approximately  straight  lines  par- 
allel to  the  z-axis,  as  indicated  in  Fig.  1 , As  long  as  the  propagation  distance  L is  much  larger  than 
the  integral  correlation  scale  of  nj  (as  it  will  be  for  essentially  all  cases  of  practical  interest),  Eq.  (S) 
indicates  that  we  add  together  a large  number  of  uncorrelated  terms  to  obtain  p.  Hence  because  of  the 
central  limit  thereom,  we  conclude  that  p will  be  normally  distributed,  independent  of  the  distribution 
of  n^.  A normal  distribution  is  completely  characterized  by  two  parameters,  its  mean  and  variance. 
Since  <ni>  = 0,  it  follows  directly  from  Eq.  (5)  that  ^p>  = 0.  The  cross -correlation  function  of  the 
phase  is  obtained  from  Eq.  (5)  as 
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-EzD  =<^(Ei)  «(22» 

= ^ ^*2  ■ *2!^ 


where  we  have  introduced  the  index  autocorrelation  function  Bjj.  Since  the  medium  i^a  aesumed  • 

tically  stationary  and  iostropic,  it  follows  that  is  a function  of  the  magnitude  of  the  difference  of  th 
two  points  s^  and 


From  Fig.  1 we  find  that 


•1  -*2!  =(“12  + P^) 


where 


p = !ei  - E2I 


“1  ■ ®2 


Note  that  the  mean  square  phase,  <P^>.  is  obtained  from  Eq.  (6)  as  B^(0).  Thus,  in  general,  *e 

phase  is  normally  distributed  with  a zero  mean  value  and  with  a second  moment  given  formally  by  Eq.  to). 


Returning  now  to  the  evaluation  of  the  ensemble  average  indicated  in  Eq.  (4).  It  can  be  shown  that 
if  the  random  function  f is  normally  distributed. 


<e^>  = exp  j^<f  > + |-  <[f  - <f  >]^>j 
Applying  Eq.  (9)  to  Eq.  (4)  with  f = i[0(rj)  - p(r2>]  yields 

M = exp[  - I'D  .(p)] 


where 


D^(p)=  <M£.i)  - P(£2>]S 


is  called  the  phase  structure  function  in  the  literature  [1,2],  and  £j  - ^2*  Expanding  the  square  in 
Eq.  (11)  and  invoking  stationarity  yields  that 


M = exp|^-  = ®*P  - 


where  <p^  is  the  mean  square  phase  fluctuation  at  a point  and  b^(p)  is  the  normalized  phase  correlation 
function  defined  as 


<p(£.j)  ^(r2)>  B^(p) 

= “X- 


From  its  defirHion  it  is  seen  that  b^v  1 = 1.  Furthermore,  for  sufficiently  large  separations  p (i.  e. , 
large  compared  to  the  outer  scale  of  turbulence)  the  ray  that  arrives  at  is  stetisticaUy  independent  of 
1.1 if  fnlinxxra  fKafK.-»n.  That  is.  for  larffe  D » <U(r  „ ) U (r-)>-^  <U(r,)>  X 


large  comparea  to  me  outer  scaie  oi  buroui.«n«^c;  ^ J7rV  x Jr*/  Tv  ,7  \vJ 

the  ray  arriving  at  ^rom  which  it  follows  that  -♦  0,  That  is,  for  large  p,  U ^ 

<U*(r2>  = <U>^  = exp(-p^).  The  MCF  decreases  monotonically  from  M(0)  = 1 to  M(«)  = exp(-0^). 


While  it  is  a straightforward  numerical  procedure  to  compute  M directly  for  a given  functional 
form  of  the  index  correlation  function,  it  is  useful,  indeed  preferable,  to  have  approximate  formulas 
for  the  mutual  coherence  function  for  estimating  the  coherence  at  various  ranges. 


We  assume  that  the  medium  is  composed  of  a continuum  of  independent  turbulent  eddies  from  a 
minimum  scale  size  l„  to  a maximum  scale  size  Lp.  Consider  for  a moment  an  eddy  of  scale  size  a. 

We  now  calculate  the  contribution  to  M from  this  eddy  size.  Since  the  eddies  are  independent  the  result- 
ing MCF  due  to  all  eddies  will  be  the  product  of  the  MCF  due  to  a single  scale  size  over  all  scale  sizes. 
A physically  adequate  and  mathematically  convenience  form  for  Bjj  is  a gaussian.  ^ we  shall  show,  the 
gaussipn  form  is  sufficient  for  a complete  determination  of  second  order  phase  statistics.  Indeed,  any 
physically  correct  form  for  Bn  will  suffice;  however  the  gaussian  is  particularly  convenient  mathemati- 
cally. Thus,  consider  that 


Bjj{p)  = <n^>  exp(-p^Za^) 


where  <n?>  is  the  mean  square  fluctuation  in  the  index  of  refraction  and  a is  the  eddy  scale  size  of  inter- 
est. Substituting  Eq.  (14)  into  Eq.  (6),  making  use  of  Sq.  (7)  and  (8)  yields,  for  plane  waves. 


^ , .2,  2.  -p2/a^  „-(»!  - *2)^/“^ 

B (p)  = k <n^>  e # dz^  / dz2  e 1 


I 


Changing  variable!  from  ss^t  Zj,  to  T)  = Zj  " *2  ^ ” ^*1  ^ noting  that  L»  a allows  one 

to  express  as 

B^(p)  =.  k^<nj>  Le'P^^*"  ^ dj\  e’’'^^*^  = e'P^^*^  (16) 

where 

^ 

Indeed,  the  phase  variance  0^  for  a single  scale  size  a can  be  shown  on  physical  grounds  to  always 
2 2 ^ 

be  of  the  order  k (n.S  aL.  Consider  an  eddy  of  size  a.  The  phase  change  of  a ray  passing  through  this 

* 2 2 2 
eddy  Is  of  the  order  k n^  a.  The  nnean  square  phase  change  per  eddy  Is  of  the  order  k <n^^  a . For  a 

total  path  length  L,  there  are  of  the  order  L/a  eddies  traversed  by  the  ray.  Thus,  for  Independent  ed- 
dies, the  mean  square  phase  change  is  equal  to  the  mean  square  phase  change  per  eddy  multiplied  by  the 
number  of  eddies  traversed  by  the  ray.  That  is, 

0^  ~ (k^  <nj>  a^)  (L/a)  = k^<nj>  aL  . 

From  Eqs.  (13)  and  (16)  we  deduce  that  the  normalized  correlation  coefficient  for  plane  waves  Is 

b>)  =-^  = e‘P  (18) 


Thus  from  Eqs.  (10),  (12),  and  (16)  we  find  that 


M^(p)  = exp|^-0^(a)  (1 


where,  In  general. 


^^(a)  ^ <n  j(a)>  aL  , 


and  it  given  explicitly  for  a gauetian  index  autocorrelation  function  by  Kq.  (17).  Note  that  can  be 
written  as  2z/z^  where  the  extinction  length  z^  ~ [k  <nj>  a]'  is  the  distance  where  the  coherent  part 
of  the  optical  field  is  reduced  by  1/e  from  Its  value  at  z =0. 

Now  for  a continuum  of  eddy  sizes.^lstributed  according  to  the  Kolmogorov  "2/3"  law,  we  obtain 
from  Eqs.  (3)  and  (20)  that 

0^(a)r^k^  C^  La®^^  (2) 

Examination  of  Eq.  (21)  reveals  that  the  largest  eddies  are  most  effective  In  contributing  to  the  total 
phase  variance  at  a point.  In  fact,  for  a distribution  of  independent  eddies  we  have 

2 2 2 5/3  . 2 „2  . . 5/3 

0 ~ 2 (k  C L)  a ~ k C L L , (2i 

^ ^ n n u 

O 

In  agreement  In  order  of  magnitude  with  the  results  of  the  rigorous  calculation  of  Tatarskii  and  others 
(the  numerical  multiplicative  constant  i:  approximately  0.39),  Furthermore,  the  resulting  MCF  of  a 
distribution  of  Independent  eddies  is 


Lq  I Lq  . 2.2..) 

M(p)  = 77  M^(p)  = exp  - D 0‘‘(a)  - e'P  J 


where,  for  the  Kolmogorov  "2/3"  law,  0o(a)  Is  given  by  Eq.  (21).  Examination  of  Eq.  (23)  reveals  that 
there  are  three  distinct  range  values  for  p. 

Range  1:  p » L„.  Over  this  range  b .(p)  = 0 since  p Is  larger  than  the  outer  scale  of  turbulence. 

O 0 

It  follows  from  Eq.  (23)  that  for  p » L^ 

M - exp  j-  0o(a)  ~ exp  j^-  0„(L^)j  = exp  j^-  k^  L . (24) 


Thus,  In  this  regime  the  MCF  Is  a constant  independent  of  p [and  equal  to  = exp(-^0^>)]. 
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Range  Zi  p « Lq-  ThU  range  of  p values  Is  called  the  inertial  subrange  and  is  the  most 

interesting  case  in  practice.  In  the  inertial  subrange  an  examination  of  Eqs,  (Zl)  and  (Z3)  reveals  that 
the  argument  of  the  outer  exponential  in  Eq.  (Z3)  increases  proportional  to  a^'^  for  a<  p,  reaches  a 
maximum  for  a ~ p,  and  decreases  proportional  to  a*^'®  for  a>  p.  Thus  the  most  effective  eddy  scales 
in  the  inertial  subrange  are  those  of  scale  lengths  of  the  order  the  separation  of  interest.  As  a result 

we  obtain  that  for  f « p « L 
o o 

M(p)  = exp[-(p/p^)®^^]  , (Z4) 

where,  the  "coherence  length"  p^  is  given  by 

Po~(h^  . (25) 

This  result  agrees,  to  within  a numerical  multiplicative  factor  of  the  order  unity,  with  the  results  of 
Tatarskii  [i,Z].  In  the  inertial  subrange  the  phase  structure  function  is  proportional  to  pS'2  fQj. 
most  all  cases  of  practical  concern  is  the  regime  of  separations  of  interest. 

Range  3:  p <C  1^.  In  this  regime  p is  much  smaller  than  all  eddy  scale  alses  from  which  it  fol- 

2 2 2 2 

lows  that  the  inner  ejmonent  in  Eq.  (Z3)  may  be  expanded  for  each  a as  exp(-p  /a  ) 1 - p /a  . (In  gen- 

eral it  can  be  shown  [Z]  that  the  underlying  structure  function  has  the  property  for  p -•  0 that  D(p)  ~ 

O(p^).  For  the  case  of  homogeneous  and  isotropic  turbulence  this  implies  that  B ~ 1 - Op2.)  As  a result, 
we  obtain  from  Eqs.  (Zl)  and  (Z3)  that  the  argument  of  the  outer  exponent  in  Eq,  (Z3)  is  proportional  to 

a-1/6^  Thus  for  p « i-,  the  main  contribution  to  the  sum  indicated  in  Eq.  (Z3)  are  for  eddies  of  the 
order  Iq,  the  inner  scale  of  turbulence.  Thus,  for  p«  Iq,  we  obtain  the  estimate  that 

M(p)  = exp[-(k^  p^]  (Z6) 


In  this  regime  of  separations  the  phase  structure  function  is  a quadratic  function  of  p.  The  results  ob- 
tained in  Eq.  (Z6)  are  in  agreement,  to  within  a numerical  multiplicative  factor  of  the  order  unity,  with 
the  results  of  Tatarskii, 


As  alluded  to  previously,  the  inertial  lubrange  is  the  regime  of  interest  in  practice.  We  note 
from  Eq.  (Z5)  that  Ae  restricUon  I « p « L is  equivalent  to  the  propagation  distance  condition  that 

2 ® 2 / 5 ? 

z « L«  z, , where  the  z_  ~ (k  C_  L_  ' )**  is  the  distance  at  which  the  coherent  part  of  the  field  is 
® * c n o Z Z 5/3  -1 

reduced  by  1/e  from  its  value  at  L = 0,  and  z^  'v  (k  propagation  distance  at  wliich  the 

coherence  length,  p^,  is  equal  to  the  inner  scale  of  turbulence.  For  example,  for  = 1 mm,  Lq  = 1 m, 

X = 1 p,  and  = 10”^^  (fairly  strong  turbulence  conditions),  we  obtain  that  z ~ Z.  5 m,  and  z.  ~ 

2 • 16  ^ ^ 

Z.5  km,  while  for  = 10*  (fairly  weak  turbulence  conditions)  and  the  same  value  for  the  other  param- 
eters we  obtain  that  z^  ~ Z50  m,  and  z^  ~ ZSO.km.  In  many  applications  of  interest  the  distance  z.  is 

frequently  much  larger  than  the  propagation  distance  of  interest.  For  L less  than  z.,  the  inner  scale 
does  not  enter  into  the  analysis  (i.e. , Po  ^ ^o  approximate  the  plane  wave  MCF  by  the  con- 

venient form  (L  < Zl) 

M(£)o,expj-  ^^[^1  - exp[-4(^)  ]]  j = j-  [*  " ['  j 

^o  ^ 

r ^/3T 

-exp|^-  (p/Pg)  ' P«  I'o 
- »*p[-  ^o]'  P ^^o  ' 


Next  we  indicate  for  spherical  waves  the  modification  to  the  plane  wave  results.  Consider  a mono- 
chromatic point  source  located  at  the  origin  and  we  seek  to  determine  the  resulting  MCF  for  separation 
p at  propagation  distance  L.  With  reference  to  Fig.  Z,  the  derivation  that  led  to  Eqs.  (6)  - (8),  and  not- 
ing that  the  correlation  scales  of  the  medium  are  much  less  than  the  propagation  distance  L we  find  for 
spherical  waves  that 


where 


dzz  B^(|s, 


1*1  ■ 'zl  t'lZ 


(28) 


and 


♦ ^ *2 

* 2 L 


(29) 
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The  modlflcetlon  for  epherlcel  wave  propegetion  le  geometrical  In  nature.  The  dependence  on  the 
quantity  t In  Eq.  (29)  reflects  the  spherical  expansion  of  the  wave  as  It  propagates  through  the  medium. 
We  note  from  Eqs.  (28)  - (29)  that  the  phase  variance  for  spherical  waves  Is  identical  to  that  obtained 
for  plane  waves,  as  It  should.  The  resulting  MCF  for  spherical  waves  Is 


M,(p) 


•xp{'  t 


(30) 


where  Is  the  plane  wave  normalised  phase  correlation  coefficient.  Thus,  the  spherical  wave  coher- 
ence function  is  obtained  directly  from  the  plane  wave  results,  as  indicated  above.  For  uniform  turbu- 
lence conditions,  it  is  seen  that  the  estimates  of  M obtained  for  the  three  range  values  for  p discussed 
above  apply  to  spherical  waves.  The  only  difference  being,  for  ranges  2 and  3,  a numerical  multiplica- 

5/3  2 

tlve  factor  (the  additional  factor  multiplying  p ' and  p being  3/8  and  1/3,  respectively). 

The  spherical  wave  coherence  length  Is  In  general,  greater  than  the  corresponding  plane  wave  co- 
herence length,  as  expected  Intuitively  from  geometrical  expansion.  Note  that,  in  contrast  to  plane 
waves,  for  Inhomogeneous  turbulence  conditions  the  spherical  wave  coherence  length  is  dependent  on 
source  location  (e.  g. , spherical  wave  distortions  for  propagating  up  and  down  through  the  atmosphere 
are  quite  different  implying  corresponding  differences  In  the  ultimate  achievable  resolution). 


The  spherical  wave  mutual  coherence  function  plays  an  important  role  in  propagation  theory.  For 
example,  it  describes  the  reduction  in  lateral  coherence  between  different  elements  of  a transmitting  or 
receiving  aperture,  effectively  transforming  them  into  partially  coherent  apertures,  with  the  degree  of 
coherence  decreasing  with  Increasing  propagation  distance  through  the  medium.  In  general,  the  result- 
ing mean  irradiance  distribution  (in  space  for  a transmitting  system,  or  in  the  image  plane  for  receiv- 
ing system)  is  characteristics  of  a coherent  aperture  of  dimension  p^.  If  Pq  Is  smaller  than  the  diameter 
of  the  physical  aperture  O,  the  resulting  radiation  pattern  is  characteristic  of  that  of  an  aperture  of 
diameter  p^  rather  than  O.  Hence,  in  the  far  field,  the  scattering  half  angle  is  given  by  the  reciprocal 
of  the  product  of  the  wave-number  and  the  radius  of  the  "effective"  coherent  aperture  (which  is  approxi- 
mately given  by  the  smaller  of  Pq/2  or  D/2). 

By  physically  intuitive  arguments  we  have  obtained  the  basic  phase  statistics  results  obtained  by 
Tatarskii  using  perturbation  theory  and  the  method  of  spectral  expansions  [1,2].  Note  from  Eq.  (6) 
that  the  phase  statistics  are  directly  pioportional  to  the  index  of  refraction  correlation  function.  Ihe 
Incremental  contribution  to  from  random  inhomogeneities  in  a slab  of  thickness  As  located  at  a dis- 
tance L is  proportional  to  the  product  of  the  index  fluctuations  located  in  th<  slab,  which  is  (assumed) 
Independent  of  the  properties  of  the  optical  wave.  This  suggests  that  the  results  derived  above  [which 
agree  with  the  second  order  (in  n^)  perturbation  theory  results]  should  be  valid  for  arbitrary  propaga- 
tion distance  L.  In  particular,  they  should  bo  valid  in  the  regime  where  the  normalised  variance  of  ir- 
radiance saturates.  In  the  so-called  saturation  regime,  the  method  of  smooth  perturbatic  a applied  to 
amplitude  fluctuations  is  not  valid.  As  we  shall  see,  the  incremental  contribution  to  amplitude  fluctu- 
ations from  eddir^  i.  » slab  of  thickness  As,  in  contrast  to  phase  fluctuations,  are  dependent  on  the  co- 
herence properHee  of  tl:e  wave  in  the  medium  at  the  slab. 


3.  AMPLi:  o -V;  STJ-.TISI 


Of  all  tk  tical  field  quantities  discussed  in  the  literature,  the  irradiance  fluctuations  or  scintil- 
lation (l.e. , irr>. ^,ular  changes  in  brightness)  have  been  the  most  frequently  measured  and  the  least  well 
understood.  If  a small  photodetector  is  placed  in  the  path  of  an  optical  beam  propagating  tinder  suitable 
turbulent  conditions,  several  dB  rms  fluctuations  in  light  intensity  are  observed  with  a "scintillation 
bandwidth"  of  a few  tenths  to  a few  hundred  Herta  [l].  In  the  general  case  of  beam  wave  propagation, 
irradiance  fluctuations  can  be  generated  by  intensity  variations  within  the  beam  which  vary  temporally 
(beam  breakup)  or  by  the  beam  as  a whple  wandering  past  the  detector.  Here,  attention  is  confined  to 
the  propagation  of  waves  of  infinite  lateral  extent  (plane  waves),  hence,  scintillation  is  only  produced  by 
beam  breakup.  Tatarskii  [1,2]  has  derived  expressions  based  on  perturbation  theory,  for  the  amplitude 
statistics  of  a plane  wave  propagating  through  a turbulent  medium.  These  theoretical  lesults  predict 
that  the  amplitude  fluctuations  at  a point  increase  without  bound  with  increasing  propagation  distance. 

A measure  of  the  theoretical  value  of  mplitude  variance  based  on  perturbation  theory  and  the 
Kolmogorov  spectrum  is  aiity  i' 


2 

Ot 


,2  ,7/6 

^ t 

n 


11/6 


.11/6 


(31) 


where 


n 


77TT 


(32) 


k is  the  optical  wave  number,  L is  the  propagation  distance  and  C is  the  index  structure  constant.  How- 
ever, e^erlmental  measurements  [3-6]  indicate  that  the  amplitude  variance  agrees  with  the  perturbation 

theory  results  only  when  the  fluctuations  are  small  (a^  « 1).  For  ,5  1 (i.  e. , L z^),  it  has  been 

found  e:q)erimentaUy  that  the  amplitude  fluctuations  do  not  increase  with  either  increasing  path  length  or 
turbulence  strength,  rather,  they  saturate  to  a value  of  the  order  unity. 

Based  on  perturbation  theory,  Tatarskii  predicts  an  amplitude  correlation  function  characterized 
1/2 

by  a correlation  length  ~(Li/k)  with  no  appreciable  correlation  beyond  this  value.  Experimentally, 
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1/2 

Tatarfkil'a  (L/k)  pradiction  for  th«  amplituda  corralatlon  langth  la  found  to  be  obtained  for  Li«  a. 

2 ^ 
(l.e.  , 1)  only.  For  atrong  fluctuatlona«  the  recent  experlmenta  of  Kerr  ahow  a decreaae  In  cor- 

* 2 

relation  length  with  increaalng  o,^.  In  addition  Kerr  flnda  a large  realdual  correlation  tall  for  large  de- 
tector aeparationa>  a reault  which  la  In  marked  contraat  to  the  perturbation  theory  reault. 

2 

Many  attempta  have  been  made  to  calculate  amplitude  atatiatlca  for  a.^  2 1.  For  example,  a num- 
ber of  workera  have  tried  ualng  the  renormalixatlon  {2, 10-13]  technlquea  of  field  theory  [2, 10, 13],  a 
mathematically  complex  approach  which  Involvea  the  aelectlve  aumming  and  neglecting  of  very  compli- 
cated terma  In  a aeriea  repreaentation.  Such  an  approach  leada  a few  phyaical  inalghta  and,  to  keep  the 
problem  mathematically  tractable,  it  la  neceaaary  to  delete  or  approximate  a very  large  number  of 
terma.  Furthermore,  It  la  extremely  difficult  In  moat  caaea  to  even  eatlmate  the  aize  of  the  neglected 
terma.  In  general,  it  appear  a that  the  *enormallaation  technique  haa  led  to  few  new  reaulta.  Brown  [14] 
haa  made  numerical  calculationa  for  a two-dlmenalonal  plane  wave  and  haa  obtained  numerical  reaulta  In 
good  agreement  with  obaervatlona,  although  he  haa  made  no  attempt  to  Interpret  hla  reaulta  phyaically  in 
&e  aaturatlon  regime. 

Here,  we  generaline  Tatarakil'a  [15]  phyaical  model  for  amplitude  fluctuationa  to  Include  both  dif- 
fraction and  the  loaa  of  lateral  apatlal  coherence  of  the  wavz  aa  It  penetratea  further  into  the  medium.  In 
all  caaea  reaulta  are  obtained  which  are  In  qualitative  agreement  with  experiment.  Hie  reaulta  of  the 

2 2 

preaent  analyaia  agree  with  perturbation  theory  for  Oj,  « 1,  For  Oj  1 we  obtain  a aaturatlon  of  ampli- 
tude variance,  a decreaae  In  the  amplitude  correlation  length,  and  a realdual  correlation  tail.  Inpar- 

2 

ticular,  we  conclude  for  1 Ihe  amplitude  correlation  lengUi  la  of  the  order  of  the  lateral  coher- 

ence length  of  the  wave  Pq(L)  (which  la  a decreaalng  function  of  propagation  diatance).  lhat  la.  In  the 
aaturatlon  regime  the  amplitude  and  phaae  correlation  lengtha  are  equal. 

The  phyaical  mechaniama  through  which  turbulence  Inducea  beam  break  up  la  the  random  focualng 
of  light  by  refractive  inhomogeneitlea  In  the  path  of  the  optical  wave.  The  almpleat  phyaical  model  of 
thia  effect  which  rotalna  the  eaaential  phyalca  la  a plane  wave,  of  wave  number  k.  Incident  upon  a aeriea 
of  cloaely  packed  laotroplc  refractive  eddlea  of  "radlua"  a and  refractive  Index  m relative  to  the  aur- 
roundlng  medium  (where  the  refractive  Index  la  aaaumed  to  be  equal  to  unity).  The  acattering  for  the 
range  of  parametera  of  Intereat,  |n^  { £ 10'",  ka  » 1,  la  primarily  in  the  forward  direction.  In  the  geo- 
metric optica  approximation,  the  condition  |n||  « 1 impllea  negligible  reflection  at  the  aurface  of  the 
eddy  and  that  each  ray  traveraes  the  eddy  virtually  unperturbed  In  direction  (the  refraction  angle  at  each 
aurface  la  ••  n^). 

First,  a aingle  eddy  aize  will  be  conaidered  before  generalising  the  dlscuaaion  to  include  a dlatri- 
butlon  of  eddy  aizea.  In  the  paraxial  approximation,  it  la  well  known  that  ar  eddy  of  radlua  a can  act  aa 
a lena  with  a focal  length  f ~ For  nj  > 0,  the  lena  ia  convergent,  while;  for  n^  < 0,  there  la  a vir- 

tual focal  point  behind  the  lena  at  f ~ a/n^,  and  the  lena  in  divergent.  In  the  atmoaphere,  typical  values 
for  a and  nj,  are  a 2 a few  centimeters  and  jn|  | < 10~"  which  implies  that  f 10  km.  For  moat  prac  .1- 
cal  appllcaUona,  the  propagation  diatance  L can  be  assumed  to  be  much  less  than  the  focal  distance  f. 
(The  saturation  phenomenon  has  been  observed,  under  strong  turbulence  conditions,  for  L £ 1 km). 
Therefore,  we  assume  in  this  paper  that  L/f  « 1. 

A plane  wave  is  incident  along  the  positive  z-axis  on  a random  medium  that  occupies  the  half  space 
z 2 0 and  we  seek  to  determine  the  amplitude  statistics  in  the  plane  z ~ L.  With  reference  to  Fig.  3,  con- 
sider the  situation  with  regard  to  those  eddies  located  within  a slab  bounded  by  the  planes  z = z and  z = 
z + ^z,  where  the  thickness  of  the  slab  Az  is  assumed  small  compared  to  L.  Now  the  wave  impinging  on 
this  slab  is  not,  in  general,  a coherent  plane  wave.  Aa  the  initial  plane  wave  penetrates  the  medium  it 
becomes  parti  <lly  coherent  due  to  the  loss  of  transverse  spatial  coherence  with  Increasing  penetration 
distance.  The  degree  of  transverse  spatial  coherence  is  a monotonically  decreasing  funcUon  of  penetra- 
tion distance. 

The  mutual  coherence  function  (MCF),  defined  as  the  cross -correlation  function  of  the  complex 
fields  in  a direction  transverse  to  th*  direction  of  propagation  is  the  quantity  that  describe  the  loss  of 
coherence  of  an  initially  coherent  wave  propagating  in  the  random  medium.  For  example,  the  MCF,  for 
a Kolmogorov  spectrum,  for  transverse  separation  p within  the  inertial  subrange  is  given  by  [see 
Eqa.  (24)-(27)] 


where 


M(p,  z)  = exp 


lo«p«L^ 


1.45  k^ 

I n 


(33) 


(34) 


The  quantity  Pq  can  be  taken  as  a measure  of  the  transverse  coherence  length  of  the  wave.  That  is,  the 
oscillations  of  the  wave  at  points  separated  by  a large  (small)  distance  compared  to  p„  are  mutually  in- 
coherent (coherent).  The  eiqpression  given  above  for  M,  the  first  order  perturbation  result,  has  been 
found  experimentally  to  adequately  describe  the  loss  of  transverse  coherence  [16, 17].  In  our  model  the 
perturbation  results  for  the  loss  of  transverse  coherence  for  the  amplitude  fluctuations  are  used.  Thus, 
the  Impinging  wave  on  the  slab  is  partially  coherent,  its  coherence  properties  being  described  by  its 
MCF.  The  ability  of  a (turbulent)  lens  to  focus  a partially  coherent  field  can  be  considerably  less  than 
for  a coherent  field,  implying  reduced  amplitude  fluctuations.  In  addition,  after  the  wave  interacts  with 
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the  focualng  eddiee  In  the  alab  It  propagatea  a further  diatance  (L-a)  through  the  medium  and  contlnuea 
to  lose  tranaveree  apatlal  coherence.  It  is  neceaaary  to  include  the  loaa  of  tranaverae  coherence  of  the 
wave  into  the  analyaia  to  obtain  the  aaturatlon  of  amplitude  fluctuationa.  Ita  neglect,  aa  we  ehall  aee, 
leada  one  to  obtain  the  reaulta  of  perturbation  theory  (that  la,  the  amplitude  fluctuationa  Increaae  with 
Increaalng  propagation  diatance). 

To  obtain  an  eatimate  of  the  amplitude  fluctuationa  we  generallae  Tatarakll'a  [IS]  geometric  optica 
analyaia  to  automatically  Include  both  diffraction  and  multiple  acattering  (loaa  of  tranaverae  coherence). 
We  can  obtain  an  eatimate  of  the  amplitude  fluctuations  induced  by  the  eddlea  being  swept  (or  blown  by 
the  wind)  past  the  line  of  sight  between  the  source  and  observer  In  the  following  way.  The  Instantaneoue 
field  distribution  at  a point  £ In  the  observation  plane,  due  to  the  medium  In  the  slab  can  be  obtained  via 
the  Huygens -Fresnel  principle.  This  principle,  applied  to  the  case  at  hand,  states  that  every  point  of 
the  wavefront  In  the  alab  may  be  considered  aa  a center  of  a secondary  disturbance  which  gives  rise  to 
spherical  wavelets,  and  the  wavefront  at  a later  Inatant  may  be  regarded  aa  the  envelope  of  these  wave- 
lets. It  has  been  shown  [18],  that  the  Huygens -Fresnel  principle  la  that  the  secondary  wavefront  will 
again  be  determined  by  the  envelope  of  spherical  wavelets  from  the  primary  wavefront,  but  each  wave- 
let will  now  be  determined  by  the  propagation  of  a spherical  wave  propagating  through  the  turbulent 
medium. 

First,  we  neglect  the  effect  of  the  intervening  medium,  apart  from  the  slab,  and  obtain  an  eatimate 
of  the  relative  amplitude  change  at  the  observation  point  r,  compared  with  the  amplitude  change  in  the 
absence  of  the  slab.  We  then  generalise  to  include  the  e^ect  of  the  Intervening  medium.  Considering 
the  slab  as  the  effective  source  for  radiation  of  the  secondary  wavelets,  the  field  at  the  observation  point 
r due  to  the  alab  at  s can  be  written  as 


A,(r.«)=  Z A,(£.)+A^^,^,  (35) 

where  A|(g^)  is  the  contribution  to  the  amplitude  from  the  turbulent  "lens"  located  In  the  slab  at  coordi- 
nate 2^,  the  summation  over  i indicates  a summation  over  all  eddies  within  die  alab,  and  A^^^^  is  the 

contribution  to  the  amplitude  from  the  intervening  space  between  the  eddies  In  the  slab.  The  quantity 
A^^^^  can  be  obtained  from  Babinet'a  principle  by  Imagining  that  we  remove  the  turbulent  "lenses"  from 

the  alab,  leaving  "holes"  in  their  place.  For  this  case  we  must  have  that 


? * ^rost  ■ \ ' 


(36) 


where  the  first  term  on  the  left  hand  aide  of  Eq.  (36)  represents  the  contribution  from  the  holes  and  A^ 
la  the  field  that  impinges  on  the  slab.  Eliminating  from  Eq.  (35),  we  obtain 

A^(r,  z)  - L [A|{2i>  - Ai,(Ei)]  + A^^  . 

The  quantity  A}j  can  be  obtained  from  A|  by  setting  the  focal  length  of  the  lens  f equal  to  infinity.  Hence, 
the  relative  amplitude  change  at  the  observation  point  due  to  the  alab  is 

= AJr,z)  - A^  = E [a^(e^)  - A^(p.)] 


= L «A,(Ei)  (37) 


In  order  to  obtain  a quantitative  expression  for  A|  and  we  model  the  turbulent  eddies  by  a gaussian 
refractive  index  distribution  centered  at  £^.  Of  course,  turbulent  eddies  do  not  have  a gaussian  shape 
nor  are  they  perfectly  spherical.  However,  the  choice  of  a gaussian  shape  permits  simple  analytic  ex- 
pressions for  A|  and  A),  to  be  obtained.  In  any  event,  it  is  expected  that,  to  a factor  of  the  order  unity, 
the  gaussian  model  for  the  turbulent  eddies  is  a valid  approximation. 


Let  the  transmittance  distribution  of  the  field,  due  to  a turbulent  eddy  located  in  the  slab  at  coordl- 
nate  equal  exp[-pj  (a'  + ikf"  )/2],  where  a is  the  "radius"  and  f ~ a/n^  is  the  focal  length  of  the  eddy. 

For  simplicity  let  the  observation  point  be  located  on  the  optic  axis  at  propagation  distance  L from  the 
source  (i.e. , propagation  distance  L - z from  the  slah).  ,A  direct  application  of  the  vacuum  Huygens - 
Fresnel  principle  yields  the  field  at  the  observation  point,  A^  (g^),  due  to  the  turbulent  lens  gives 


,(Ei> 


ie^*'^aA^  exp[lkp^/2a '] 


exp 


(38) 


where  z'  = L - z,  and  A^  is  the  unperturbed  field  amplitude.  The  quantity  Aj^(e^)  is  obtained  from  the 
expression  for  A^  (g^)  by  setting  |f|  = <», 

We  are  interested  in  the  case  L/f  « 1 and  from  Eq.  (38)  we  obtain,  to  lowest  order  in  L/f 
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exp 


1 - 


2t(«'/k»)^  + *^] 


2 , 


2 , ik« 
2[(«7k*)^  + .^] 


(39) 


where 

i„2 

kpi 

^ = kL  + -jj-  . 

Note  thet  8 le  proportional  to  nj(g^),  the  relative  index  of  refraction  of  the  eddy  centered  at  hence, 
it  follow*  that  <8A^>  = 0 aince  <Hj>  = 0.  Furthermore,  term*  of  the  form  <8A^(gj)  6A^(£^)>  = 0 for  i^j, 
aince  the  eddle*  are  aaaumed  independent.  Therefore,  it  follow*  that 

4ab~<I«^l^>=<lp^<Ei)|^> 

= ^<|8A,(e.)1S  . (41) 

2> 

Paaaing  to  the  continuum  limit  (i.e. , the  number  of  eddie*  in  an  area  S being  given  by  S/ira  ),  Eq.  (41) 
reduce*  to 


2 

‘^alab 


(42) 


After  subatltuting  Eq.  (39)  into  Eq.  (42),  the  integration  over  £ yield* 


2 
O’  * 

tUb 


2 <"5>(*')^ 

= (717^2 


[(y 


(43) 


In  the  geometrical  optica  limit,  L«  ka^,  Eq.  (13)  reduce*  to  ~ <(*  Vf)^>,  in  agreement  with 

Tatarakii'a  reault  [15].  In  general,  Eq.  (43)  give*  the  contribution  to  the  amplitude  fluctuation*,  includ- 
ing the  effect*  of  diffraction,  due  to  the  rlab  located  at  a. 


The  total  contribution*  to  the  amplitude  fluctuation*  are  obtained  by  aumming  over  all  (independent) 

alaba; 

= aSb*  ''Slab  ^ J[  ''alab<“>  ¥ ' 

where  the  aubacript  u on  o refer*  to  a aingle  acale  aise.  Subatltuting  Eq,  (43)  into  Eq.  (44)  yield* 


aJ(L) 


(45) 


where  z'  = L,  - s,  Aa  can  be  eaaily  aeen,  eatimatea  of  amplitude  fluctuationa  baaed  on  Eq.  (45)  indicate 
that  o2  increaaea  without  limit  aa  L -•  «.  That  ia,  Eq.  (45)  doea  not  give  aaturation.  To  obtain  bounded 
amplitude  fluctuationa  it  ia  neceaaary  to  include  the  degrading  effect*  of  the  intervening  medium. 

Equation  (45)  waa  derived  by  aaauming  no  intervening  medium  between  the  alab  and  the  obaervation 
plane.  We  take  into  account  the  degrading  effect*  of  the  intervening  medium  by  the  following  phyaical 
argument.  In  vacuum,  the  diffraction  angle  from  a coherent  radiator  of  aize  a ia  of  the  order  i/ka.  If 
we  conaider  diffraction  in  the  preaence  of  turbulence,  the  correaponding  diffraction  angle  ia  inoreaaed 
duo  to  multiple  acatteringa  in  the  mediurn.  On  the  baais  of  the  extended  Huygena -Freanel  principle  it 
haa  boon  ahown  that  the  angular  apread  6^  at  a propagation  diatanco  x i*  given  by 


1 . 1 


k a 


k“  p;(x) 


(46) 


where  P(,(x)  ia  the  lateral  coherence  length  of  a point  aource  [18, 19].  The  quantity  p^  ia  defined  aa  that 
value  of  tranaverae  aepe.ration  auch  that  M(p_,x)  = 1/e,  where  M ia  the  mutual  coherence  function  (MCF) 
of  a apherical  wave  [20].  Phyalcally,  the  MCF  deacribea  the  reduction  in  lateral  coherence  between  dif- 
ferent element*  of  the  tranamitting  aperture,  effectively  tranaforming  it  into  a partially  coherent  radia- 
tor with  the  degree  of  coherence  decreaaing  with  Increaaing  diatance  from  the  aperture.  For  aufflclently 
large  x,  p (x) « D,  the  radiation  ia  characterized  by  an  effective  coherent  aperture  of  aize  p (x),  i.  e. , 
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6 ~ l/kpo(x)<  In  addition,  It  follows  directly  from  reciprocity  that  the  above  considerations  apply  equally 
as  well  to  an  imaging  situation  [21],  Indeed,  the  effective  coherent  aperture  for  the  imaging  (reciprocal) 

-2  -2  2 
case  is  given  by  a + (y),  where  a is  the  physical  radius  of  the  aperture,  p^(y)  is  the  lateral  coher- 

ence length  of  the  wave  that  is  impinging  on  the  "imaging"  lens,  and  y is  the  propagation  distance  from 
the  source  to  the  lens. 

^plication  of  these  considerations  to  Che  case  of  the  turbulent  lens  in  the  slab  at  a distance  z from 
the  source  yields  a diffraction  spot  size  at  the  observation  plane  of  the  order  (z'/kX)^  where  ST,  the  effec- 
tive coherent  aperture,  is  given  by 


1 1 . I . 1 

u ' T + “TTT  + 

* * Pop<*>  Pos'^  - 


where  the  subscripts  p and  s refer  to  plane  and  spherical  waves,  respectively.  The  second  and  third 
terms  on  the  right  hand  aide  of  Eq,  (47)  represent  the  effects  of  the  intervening  medium.  The  second 
term  arises  from  propagation  from  the  source  to  the  slab;  the  third  term  represents  the  effect  of  the 
medium  on  the  wave  subsequent  to  the  interaction  with  a turbulent  lens  in  the  slab  at  z. 

2 

Therefore  Eq.  (45)  is  modified  to  include  the  effects  of  multiple  scattering  by  replacing  (z  Vka) 
by  (z'/ka)  , where  a is  given  by  Eq.  (47).  Wo  have 


alih). 


dz(L  - z)' 


\ksS‘/ 


+ 1 


(48) 


a result  that  applies  to  a single  turbulent  scale  size  a.  The  result  for  a distribution  of  scale  sizes  (which 
are  statistically  independent)  can  be  obtained  by  summing  Eq,  (48)  over  all  scale  sizes.  Thus,  the  gen- 
eralization of  Eq,  (48)  to  include  a distribution  of  scale  sizes  is 


2 

a = 


a . <a<a 
mm  max 


max  ^2  ^ 
a a 


where  Eq,  (SO)  applies  to  the  continuum  limit. 
From  Eqs.  (48)  and  (50)  we  obtain 


(49) 


(50) 


2 

^ r\/ 


/*max  da  y>_2,  ,v 


dz{ti  - z)^ 
> — y 

(iSs)  ♦ ' 


where  z'  = L - z and  we  permit  that,  in  the  general  case,  the  index  fluctuations 
(e.g.,  the  Kolmogorov  continuum  model). 


(51) 


is  a function  of  eddy  size 


Single  Scale  Model 

The  case  of  a single  scale  size  a and  a gausslan  shaped  MCF  will  now  be  considered.  In  this  case 
we  have  for  plane  waves  [22] 


M(p,  z)  = exp 


(52) 


The  quantity 


k <n^>a 


is  the  propagation  distance  where  the  average  field  is  reduced  by  the  factor  1/e  compared  to  its  value 
at  the  origin.  Thus  (M(Pq)  = 1/e) 


(53) 


where  here,  and  in  the  following,  we  omit  factors  of  tne  order  unity.  In  particular,  no  distinction  will 
be  made  between  the  lateral  coherence  length  for  plane  and  spherical  waves,  their  ratio  being  a numeri- 
cal factor  of  the  order  unity.  Hence,  from  Eqs.  (47)  and  (53)  we  obtain 


18-n 


1 1 , L - « . z 

3 = T + T + — 

a a z a .a 
c c 


1 . L 
"7  + Z 

a z a 

c 


(54) 


ihua,  from  Eqs,  (48)  and  (54)  we  find  that 
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„ (L)^ ; — 

'0 
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L/i 


dt 


1 + t 


e_ 


tan 
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Fi'"' 


ji 

ka' 


(55) 


Examination  of  Eq,  (55)  reveals  that  remains  bounded  as  L -•  00.  In  particular,  ~ 

amplitude  fluctuations  saturate  to  a value  of  the  order  unity,  a value  that  is  a constant,  independent  of 
wavelength  and  the  parameters  that  describe  the  medium.  Furthermore,  for  values  of  L small  com- 
pared to  Sq,  Eq,  (55)  reduces  to  Tatarskii's  perturbation  results  [22].  For  instance,  for  L«  z^  we 
obtain 


2 

‘'a- 


for  L « ka 


(56) 


-*  <nj>  k^  aL  , for  L»  ka^ 


Z 2 2 

In  Fig.  4,  o*  is  plotted  as  a tunction  of  L/z^  for  various  values  a ~ z^/ka  . In  genei  al,  <3^  is  given  by 

the  perturbation  results  for  L z only.  For  L z , o^  tends  asymptotically  to  a constant  as  L -•  «. 

c c a 

Kolmogorov  Continuum 

To  relate  the  case  of  a continuous  distribution  of  scale  sizes  to  the  Kolmogorov  continuum  model, 
we  note  from  Eq.  (2)  that,  in  the  Kolmogorov  inertial  subrange 


<[n^(rj)  - nj(£2)]^>  = C^jr^  - r^ 


2/3 


lil  * i2l  <<  ^o 


(57) 


where  C is  the  structure  constant,  and  i and  1,  are  the  inner  and  outer  scale  of  turbulence,  respec- 
n '00  ' r 

tively.  Equation  (57)  implies  that  the  refractive  index  associated  with  a given  scale  slse  Increases  as 

the  one -third  power  of  that  scale  size,  and  v/e  obtain  the  estimate 


, 2,  ..  „2  2/3 

<nj(a)>~C^  a 


(58) 


Furthermore,  for  this  case  the  lateral  coherence  length  for  plane  and  spherical  waves  is  known  to  be 

f-  ;i/5 


Substituting  Eqs,  (58)  and  (59)  into  Eq.  (51)  yields 
2 


/‘  <1. . V'""  T \ — 2mrL 


2/3 


ka-Zl-ka  kp^(L)' 


il. 


(60) 


whore  Po(Ij)  is  given  by  Eq.  (59)  and 


t = 1 


It  is  customary  to  express  these  results  in  terms  of  spatial  wave  number  K,  rather  than  scale  size 
a.  Therefore,  let 


“=K* 


(61) 


From  Eqs.  (60)  and  (61)  we  obtain 

2 


dt  t‘ 


^5/3  r^2,^^4/3 

J do  Q J 5 — rr~5 ? — * 

Qj  •'o  1 + r + Q^(t) 


(62) 


where  the  normalized  spatial  wave  number  Q is  introduced 
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F 


And  th«  vAriouf  parameterA  are  defined  by 

Q^(t)  + (1  - . 

.2 


Q"  = 


'L 

L 


kp^L) 


r~^ 

» o 


and 


\l¥ 

’'  o 


(64) 

(65) 

(66) 

(67) 


[L/kp 


To  r«l*te  these  results  to  Taterskll's  we  note  that  Eq.  (60)  can  be  written  as  [note:  Q 


5/3 

o 


or^  ~ y 2 »^(Q)  f^(Q)  QdQ  , 


(68) 


where  the  normalised  spectral  density  is 


^ q11/3 


and  the  "effective''  amplitude  filter  function  is 

f 


in\  - <-«■*  /■*  

(Q)  “ Q I “ 2 ? f 2 2 T • 

5 1 + r Q^Iq^  + Q^(t) 


(69) 


(70) 


The  amplitude  filter  function  fj^(Q)  gives  a measure  of  the  relative  efficiency  of  an  irregularity  of  a given 

sise,  located  at  a given  position  along  the  transmission  path,  in  producing  fluctuations  at  the  observation 
plane.  We  note  that  Eq.  (68)  can  be  generalized  immediately  to  the  case  of  a modified  von  Karman  spec- 
trum by  integrating  over  all  Q and  setting 


»JQ)  = 


exp  I 


n7T 


In  addition,  examination  of  Eq.  (68)  reveals  that  the  quantity  *,^(0)  interpreted  as  being 

proportional  to  the  amplitude  spectral  Croefficient  in  a two-dimensional  Fourier  expansion  of  the  fluctua- 
tions. Indeed,  Eq.  (68)  can  be  written ‘in  the  general  form 


(68a) 


where 

F^(K)  = irk^  Lf^(K)  i^{K) 

is  the  two-dimensional  spectral  density  of  the  amplitude  fluctuations  in  the  L-plane  and  f))(K)  is,  now, 
the  arbitrary  spectral  density  of  the  index  of  refraction  fluctuations.  For  example,  the  amplitude  covari- 
ance function  B .(p)  can  be  obtained  from  Eq,  (68)  by  inserting  the  factor  J (OlT),  where  p is  the  lateral 

1 / 2 ° 
separation  and  = p/(L/k)  in  the  integral. 

Examination  of  Eq.  (70)  reveals  that  the  main  contribution  to  the  t-integral  occurs  for  t'«  1,  i.e. , 
z«  L.  This  is  obvious  from  a geometrical  optics  viewpoint  in  that  the  furthest  eddies  from  the  observa- 
tion plane  are  primarily  responsible  for  inducing  amplitude  fluctuations.  Therefore,  we  may  approximate 

t^^^  + (1  - t)^^®  by  unity,  from  which  it  follows  that 


,(0)-/ 

^ •'01+  t^(Q^  + Q“)  \Q^  + qH 


I - 


tan-^loyo^T^n 


+ Q- 


(71) 


iilL'' 
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From  Eq,  (65),  the  quantity  Q can  be  written  as 


where 


^12/11  j^V/11 


(72) 


(73) 


is  the  distance  where  a,j,  >'•>  1.  We  note  that  saturation  is  observed  experimentally  for  L ^ z^.  In  this 
regard  we  consider  the  limit  of  Eq.  (71)  for  small  Q^,  i.e.,  L«  z^: 


f^(Q)  = l Q^«l. 


(74) 


Thus,  in  this  limit  we  obtain  from  Eqs.  (74),  (68),  and  (69)  that  (I  « (ij/k)^^^«  L ) 


Q 


5/3  /■‘^2  ^-11/3  r.  tan‘‘  Q^1 


QdQe.  0.92 

n 


vl/2 


ijj«(L/k)^'  «L^  (75) 


On  the  other  hand,  Tatarskii's  perturbation  results  are  given  by  [22] 

0->  i./aP  _!—  /-\2  “ 


2 

T 


0.65  y ^ -.^^lQdQ<«  0.31  , I «(L/k)^^^«L 

o L Q":  J " ° ° 


(76) 


Thus,  to  a numerical  factor  of  the  order  unity,  the  results  of  the  present  analysis,  in  the  limit  L«  z,, 
agree  with  Tatarskii's  perturbation  result. 

Next  consider  the  limit  of  » 1,  i.e. ; L»  z^.  Equation  (68)  can  be  written  as 


; f 


1 - 


tan'^  Qy/c^  + Q^) 


^2^q5/3  jQ2 
o •4-, 


4/3 


q/q^  + Qo  ) r dvv 

) -t'J 


or  (or  + q;) 


b .4/3 

a y“(y“  + 1) 


tan’  ^ yjy^  ^ 1 

+ ‘Q„ 


(77) 


where 


2i 

«o^  ^o 


(78) 


and 


b = 


02  P„(L) 

“o"  *o 


(79) 


Consider  the  case  of  the  inertial  subrange  (I  « p (L)  « L ) and  L»  z.(Q  » 1).  These  condi- 

O O O o 

tions  are  not  severe  and  are  representative  of  She  practical  situation.  In  this  case,  Eq.  (77)  can  be  writ- 
ten as  (a«  1,  b » 1) 


. 1 
I 


2 

a R« 


-o)  , -2/ 3 

f ica 

^e\ 


''0  y + 1 


2cos(v/ 3) 


(80) 


Thus,  for  L»  z^  the  amplitude  fluctuations  saturate  to  a constant  value  of  the  order  unity,  independent 
of  wavelength  and  parameters  which  describe  the  turbulent  medium. 


We  note  that  the  condition  I « p (L)  « L is  equivalent  to  the  condition  z « L«  z..  where 

O O O C 1 

1 

X 

""n  ” o 


(81) 


is  the  propagation  distance  at  which  the  average  field  is  reduced  by  the  factor  1/e  compared  to  its  value 
at  the  origin  and 


*i~;r^r7T73 

n o 


(82) 
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is  the  propsgstion  distance  where  the  lateral  coherence  length  of  tlie  field  is  of  the  order  the  inner  scale. 
Wo  have  shown  for  Pq(L)  in  the  inertial  subrange  but  L » (i.e. , that  the  ampli- 

tude fluctuations  saturate  to  a constant  value  of  the  order  of  unity.  This  is  also  the  case  for  L»  z^, 
z^.  This  assertion  can  be  easily  proved  in  a manner  identical  to  the  derivation  of  Eq.  (80)  from  Eq.  (77). 
The  only  difference  being  that,  for  L»  z.,  the  lateral  coherence  length  is  given  by  [see  Eq.  (26)] 

,1/3 

p^(L)~  - y°-,  . L»z.  . (83) 


Thus,  to  the  extent  of  the  validity  of  the  present  physical  mode,  the  amplitude  fluctuations  tend  asymp- 
totically tc  a constant  value  of  the  order  as  !,-•<<>.  The  results  of  the  present  analysis  are  in  agreement 

with  the  perturbation  theory  results  for  L«  z.  = only. 

n 

Next,  we  present  an  estimate  of  the  amplitude  correlation  function  in  the  saturation  regime.  As 
previously  noted,  the  amplitude  correlation  function  can  be  obtained  from  Eq.  (68)  by  inserting  the  fac- 
tor Jq(Q^  in  the  integral.  Normalizing  the  amplitude  correlation  function  to  unity  at  p =0,  we  have 


f*AQ)  iAQ)  J (Qp)  QdQ 
B (p)  = ^ ^ 2 


where  p = p/(L/k)  ' and*the  limits  on  the  integral  are  now  understood  to  be  contained  implicitly  in 
♦JQ). 

Consider  the  Kolmogorov  spectrum,  where  f^CQ)  i*  given  by  Eq.  (71)  or  Eq.  (70).  Examination 

of  the  ensuing  integrals  in  Eq.  (84)  reveals  the  following  general  features.  For  Qjj(L)«  1 (i.e.,  L« 

z.  ),  the  main  contribution  to  the  Q integral  occurs  for  Q~  1,  from  which  it  can  be  shown  that  the  char- 

^ 1/2 
acteristic  correlation  length  p^,  defined  as  By^(p^)  “ i/e,  is  given  by  p^  a 1,  i.e.,  py^  a (L/k)  ' . Thus, 

in  this  limit  we  obtain  the  perturbation  theory  result.  Conversely,  for  the  case  of  » 1 (i.e. , 

Ij  » *y^)»  the  main  contribution  to  the  Q integral  occurs  for  Q a Q^.  As  a result,  it  can  be  shown  for 

L » Xj^  that  the  amplitude  correlation  length  is  now 


PA='Qo<L>Vf  ’ 


= P,(L). 


f^«p^(L)«Lo 


L»  r.. 


That  is,  for  L»  the  amplitude  correlation  length  is  of  order  the  lateral  coherence  length  which,  in 
general,  is  a decreasing  function  of  propagation  distance.  For  L«  z,,  p . initially  increases  as 

yij  [p^(L)>  (L/k)  ],  reaches  a maximum  value  for  L~  “a^^’o^^A^  “ (®^/h)  ' ],  and  finally,  decreases 

as  p_(L)  for  L»  z.[p  (L)<  (L/k)^'  ^].  This  feature  is  illustrated  in  Fig.  5,  where  B .(p)  is  plotted  as 

° ^ ® 2 2 7/6  11/6^ 

a function  of  normalized  lateral  separation  p for  various  values  of  o...  = C k ' L ' . Ex<<mination  of 

T n 

Fig.  5 reveals,  in  addition  to  the  characteristics  of  B.(p)  discussed  above,  a long  positive  correlation 
2 ^ 

tail  is  obtained  for  a,j.  » 1.  These  characteristics  have  been  seen  experimentally  by  J.  R.  Dunphy  and 

J.  R.  Kerr  [23]  and  by  Gracheva  et  al.  [24].  Figure  5 is  a plot  of  B . (p)  for  the  case  of  a finte  inner 

2 

scale  i^.  For  L much  less  than  both  kf  ^ and  x^,  p^  is  approximately  equal  to  in  agreement  with  the 
perturbation  theory  result.  Conversely,  for  L»  z^  one  finds  P^  ~ Pa  ^ decreasing 

function  of  propagation  distance  L,  In  the  saturation  regime,  the  amplitude  and  phase  correlation  length 
are  both  equal  to  Pq(L).  In  all  cases  we  obtain  a long  positive  tail  whenever  L»  Zj^,  This  residual  cor- 
relation Over  large  separations  implies  a reduced  receiver  aperture  averaging  effect  as  compared  to  the 

case  of  L « z . . 

A 

Amplitude  Temporal  Frequency  Spectrum 

Next,  we  derive  an  expression  for  the  optical  amplitude  temporal-frequency  spectrum  of  a plane 
wave  which  is  valid  under  strong  scintillation  conditions  (i.e.,  in  the  saturation  regime).  Previous 
treatments  [1,2]  have  been  based  on  a perturbative  ..nalysis  of  the  log -amplitude  covariance  and  do  not 
apply  in  tiie  saturation  regime. 

Following  Tatarskii  [l],  the  amplitude  temporal  frequency  spectrum  is  given  by 


W(v)  - 4 J"  dr  cob(2i7  ut)  » 
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where  v is  the  frequency  and  log-amplitude  time  auto -correlation  function.  Tatarekii  has 

shown,  by  assuming  Taylor's  hypothesis,  that  statistical  homogeneity  allows  the  determination  of  the 
power  spectrum  as  [1] 


where  Ba(p)  is  the  log-amplitude  covariance  function,  p is  the  separation  in  a plane  transverse  to  the 
optic  axis  at  propagation  distance  L,  and  v^  is  the  component  of  the  wind  velocity  normal  to  the  optic 
axis . 


Now,  the  log-amplitude  correlation  function  is  given,  for  plane  waves  and  isotropic  turbulence 
conditions  by  [l] 


B^(p)  = J°“  F^(K)  J^(Kp)  KdK  , 


(87) 


where  K is  the  spatial  wave  number,  Jq  is  the  Bessel  function  of  the  first  kind  of  order  zero,  and 

F^(K)  = vk^  L f^(K)  *^(K)  . 

Previous  treatments  have  been  based  on  the  perturbation  result: 

,2 


f^(K)  = 1 


L 


(88) 


(89) 


a result  which  is  valid  for  Orp  i,  1 only.  Here  we  base  our  calculation  of  the  temporal  spectrum  on  the 
amplitude  filter  factor  derived  above: 


f^(K) 


tan*^  |(L/k)  K 


o 


U(v)  = 


vW(v) 


f W(v) 


dv 


(90) 


(L/k)  K / 

where  = 1/p^  and  p^  is  the  lateral  coherence  lengtti  of  the  wave  at  propagation  distance  L. 

We  now  present  numerical  results  for  W(v),  which  are  based  on  the  Kolmogorov  spectrum.  For 
comparing  theory  with  experiment,  it  is  customary  to  introduce  the  dimensionless  quantity  [1] 


(91) 


which  satisfies  the  condition  of  being  normalized  in  logarithmic  units,  i.e. , jC*  U(v)  d log  v = 1.  Con- 
sider the  Kolmogorov  spectrum 


0.033  C“ 


♦ n(K)  = 


K 


TTTT 


(92) 
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where  is  the  index  structure  constant.  The  normalized  functions  vW(v)/j^“  W(v)  dv  and  v^W(v)^ 
jT"  W(v)  dv,  obtained  by  numerical  integration,  are  shown  in  Figs.  6 and  7,  respectively  for  various 


Z Z 

values  of  where  here 


0.  31  k^^^ 

n 


Examination  of  Figs.  6 and  7 reveals  that  the  normalized  log -amplitude  temporal  spectrum  is  a 

universal  function  of  v/v^,  only  for  1,  where  Vj,  = \ L)‘‘^^.  For  o^  ;»  1,  the  normalized  spec- 

trum  is  both  a function  of  a™  and  v . 

1 o 

2 

For  S 1,  the  peak  in  the  spectrum  occurc  fcr  = v^,  in  agreement  with  the  results  of  per- 

turbation theory  ti»2].  On  the  other  hand,  for  ^ 1,  the  peak  in  the  spectrum  shifts  to  higher  frequen- 
cies and  the  spectrum  broadens.  The  peak  in  the  temporal  spectrum  for  1 is  given  by  Vp  ^ » 

Vq  = v^/ p^.  This  is  because  the  amplitude  correlation  length  in  the  saturation  regime  is^  given  by 

P^i  rather  than  ^ L/k  (note,  p^  < ^L/k  for  o,j,>  1).  The  broadening  of  the  spectrum  results  from  the 
residual  positive  correlation  tail  in  B^(p)  for  i 1.  It  follows  that,  since  both  the  spectrum  broadens 

and  X W(v)  dv  = log -amplitude  variance  = constant  in  the  saturation  regime,  the  maximum  value  of  the 
^ 7 1/3*5/'^ 

spectrum  decreases  for  increasing  values  of  o.p»  1,  U(v)«  v and  v‘  as  v tends  to  zero  and  infin- 
ity, respectively.  These  features  are  displayed  in  Figs.  6 and  7.  Gracheva  et  al.  [24]  haj  experimen- 
tally measured  the  normalized  power  spectrum  U(v)  in  the  saturation  regime.  These  experimental  re- 
sults, presented  in  Fig.  13  of  Ref,  24,  arfc  in  good  qualitative  agreement  with  the  theoretical  results 
discussed  above  and  displayed  in  Fig,  6. 


i.  it  :fj. . AVn? Ii 
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It  Is  concluded  thst  in  order  to  obtain  all  of  the  scintillaticn  temporal  spectral  components  in  the 

6/5 

saturation  regime,  it  is  necessary  to  use  an  electronic  bandwidth  based  on  a peak  frequency  ~ v^(a.|,) 
rather  than  in  experimental  investigations  of  strong  amplitude  fluctuations.  The  result  of  using  too 
small  an  electronic  bandwidth  would  be  tin  apparent  decrease  of  the  log-amplitude  variance  for  increas- 
2 

ing  values  of 

Physically,  the  qualitative  features  of  the  temporal  power  spectrum  in  the  saturation  regime  dis- 
cussed above  can  be  expected  to  be  very  insensitive  to  beam  geometry.  Indeed,,  the  recent  data  of 
Qarcheva  et  al.  [24]  indicate  that  the  geometry  of  the  initial  laser  beam  (e.g. , cillimated,  divergent) 
has  practically  no  Influence  on  the  statistical  characteristics  of  strong  irradiance  fluctuations. 

Spherical  Waves 

We  conclude  by  a brief  discussion  of  spherical  wave  amplitude  statistics.  The  modification  of  the 
plane  wave  results  for  spherical  wave  propagation  are,  as  for  phase  effects,  purely  geometrical.  For 
the  case  of  a point  source  at  the  origin,  the  transmittance  factor  for  the  turbulent  lens  centered  at  £ in 
the  slab  located  at  propagation  distance  z from  the  origin  (i. e. , a propagation  distance  z'  = L - z from 
the  observer)  contains  the  additional  mviltipllcative  factor  exp[-t-  ik(£  - £)^/2z]  as  compared  to  the  pro- 
pagation of  a plane  wave.  In  a manner  similar  to  that  which  led  from  Eq.  (38)  to  Eq.  (5t),  it  can  be 
shown  that  the  modification  to  Eq.  (51)  for  the  spherical-wave  amplitude  variance  is  obtained  by  insert- 
ing in  the  integrand  the  additional  multiplicative  factor  (z/L>)^.  That  is,  the  spherical  wave  amplitude 
filter  fxinction,  valid  for  arbitrary  values  of  a^,  is  obtained  as 


dt  t^(i  - t)^ 

1 + t^(l  - t)^  Q^[Q^  + Q^(t)] 


where 


= T “2^  + <95 

° ‘'lp;(Lt)  p^L(l.t)]J 

Next,  we  calculate  the  ratio  of  the  plane-wave  to  the  spherical- wave  log-amplitude  variance  for 
the  Kolmogorov  spectrum.  Let 

(« 

<x,> 

where  the  subscripts  p and  s refer  to  plane  and  spherical  waves,  respectively.  From  Eq.  (93)  and  the 
corresponding  expression  for  plane  waves,  we  obtain  4.  (The  limits  on  the  integrals  appearing  in 
Eq.  (19)  are  understood  to  be  contained  implicitly  in 


/fP  (Q)  #„(Q)  Q dQ 
R S 

which,  for  the  Kolmogorov  spectrum,  yields 

/°^  iVq)  q-*'"  « 

“l 

where  and  are  given  by  Eqs.  (66)  and  (67),  respectively. 

First,  consider  the  geometrical -optics  limit  L«  kl^,  i.  e. , « 1.  We  find  that 


/*  dt(l  - t)2 
•^0 

dt  t^(  1 - t)^ 


in  agreement  with  the  result  of  Tatarskii  [1]. 
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2 2 

Next,  consider  the  cese  L»  kl  , but  a««  1,  i.e. , wave  optics  in  the  regime  of  weak  irradiance 

2 2 
fluctuations.  In  this  regime,  Q in  Eqs.  (93)  and  (70)  can  be  neglected  with  respect  to  Q . We  find  that 


/ dQ  At  t^[l  + t^  o'*]  ^ 

’'O  0 

f“  dQ  0“*^^  y*  dt  t^(i  - t)^[i + t^d  - 1)^  Q^]’^ 


(99) 


Numerical  integration  yields  R at  2.  47,  in  agreement  with  the  results  of  Tartarskii  [l].  Finally,  con- 

2 

aider  the  saturation  regime.  In  this  regime,  Q » i,  and  we  obtain,  from  Eqs.  (93)  and  (70), 


iUO)=^AQ)  =-^ 


Q + Q: 


(100) 


Thus,  from  Eq.  (98)  we  conclude  that  in  the  saturation  regime 


R = 


,<i|> 

<Xa> 


That  is,  in  the  saturation  regime,  the  variances  of  irradiance  fluctuations  of  a plane  and  spherical  wave 
are  equal  (i.  e. , both  saturate  to  the  same  constant  value).  Indeed,  Eq.  (24)  suggests  that  the  amplitude 
filter  function  in  the  saturation  regime  la  independent  of  the  initial  beam  geometry  and  is  equal  to 
2 2 2 -1 

0(0+  Q^)  . This  implies  that  the  log-amplitude  variance  for  an  arbitrary  beam  wave  saturates  to 

the  same  constant.  Independent  of  the  initial  beam  geometry.  (See  Ref.  24.)  These  results  are  in  agree- 
ment with  the  experimental  result  [24]  that  the  beam  geometry  has  practically  no  influence  on  the  statis- 
tical characteristics  of  strong  irradiance  fluctuations  (e.g.,  see  Figs.  5b  and  5c  of  Ref.  .25).  The  plane - 
to  spherical -wave  log -aq^plitude  variance  ratio  in  the  wave -optics  regime  (i.  e. , L » kl^)  is  plotted  in 
Fig.  8 as  a function  of  a'.^. 

In  the  saturation  regime,  the  normalized  log -amplitude  covariance  function  b^(p ) for  botli  plane 
and  spherical  waves  and  Kolmogorov  spectrum  can  be  written  as 


1 + X 


{a^»  1) 


(101) 


where  p.  = p and  tp  for  plane  and  spherical  waves,  respectively.  From  Eq.  (101)  it  follows  that,  in  the 
saturation  regime,  tlie  log-amplitude  covariance  function  is  a universal  function  of  p/p^,  in  contrast  to 

2 

the  regime  of  weak  fluctuations  (a„«  1)  where  the  log -amplitude  covariance  is  a universal  function  of 
1/2 

p/(L/k)  . Figure  9 is  a plot  of  Eq,  (101)  as  a function  of  p/p  . The  asymptotic  limits  of  b .(p)  are 

y O A 

obtained  directly  from  Eq.  (iOl),  We  find  that  (o!^  » 1) 


and 


lim  , , . 

P-^0 


(plane  wave) 


. (spherical  wave) 


11m 

p-M. 


(plane  wave) 


. (spherical  wave) 


(102) 


The  asymptotic  limits  in  the  saturation  regime  are  in  contract  to  the  results  of  perturbation  theory  (valid 
2 

for  a^«  1)  where  [2] 


Urn 

p-»0 


b^(p)«  1 


and 
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where  the  numerical  coefficients  of  the  (kp  /K)  term  in  Eqe.  (103)  differ  for  plane  and  spherical  waves, 
and  are  of  the  order  unity.  Thus,  in  the  saturation  regime,  the  covariance  fimctlon  scales  with  n 

a / n O 

(rather  than  with  the  Fresnel  length)  andp  for  large  p decays  rather  slowly  ' ),  as  compared  to 

7 /3 

the  regime  of  weak  fluctuations,  where,  for  large  p,  b^(p)  ~ p . Furthermore,  it  can  be  shown 
that,  in  the  saturation  regime,  the  aperture  averaging  frx:tor,  as  defined  by  Fried  [25]  of  a circular 
receiving  aperture  of  diameter  D varies  as  (p^/D)^^^  for  D » p^,  in  contrast  to  the  regime  of  weak 
fluctuations  where  the  aperture  averaging  factor  varies  as  [(L/k)l/2/Df  for  D»  (L/k)^''^. 

4.  CONCLUSIONS 

By  elementary  physical  arguments  we  have  deduced  the  qualitative  functional  dependence  of  ampli- 
tude and  phase  statistics  on  the  optical  wave  number,  propagation  distance  and  the  parameters  that  de- 
scribe the  turbulent  medium.  We  have  attempted  to  delineate  the  underlying  physical  mechanisms  which 
produce  such  flucbrations  and  as  such  the  derivations  presented  here  should  complement  the  more  rigor- 
ous analysis  present  elsewhere  (see,  for  example.  Refs.  4 and  5).  Although  we  have  limited  our  dis- 
cussion to  the  ban  and  spherical -wave  amplitude  and  phase  statistics  for  constant  turbulence 

conditions,  the  er<t, 1 1 th«;  case  of  inhomogeneous  turbulence  conditions  is  straightforward. 

Firally,  the  propagation  of  beam  waves  in  a turbulent  medium  is  determined  from  a knowledge  of 
the  propag../-'  characteristics  of  spherical  waves  via  the  extended  Huygens -Frensnel  principle  [20].  As 
a result,  the  qualitative  dependence  of  the  characteristics  of  beam  waves  (e.  g.  , beam  spreading,  on- 
axis  irradiance)  can  be  obtained  directly  from  the  spherical  wave  coherence  length  discussed  above  [19]. 
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Fig.4  Ainpluudei  variance  for  a single-scale  size  medium  as  a function  of  normalized 
propagation  distance  L/zj.  for  various  values  of  o(=Zc/ka*). 
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The  asymptotic  solutions  for  the  first-end  second-order  statistical  moments  of  the  amplitude  of 
a plane  optical  wave  propagating  in  a turbulent  atmosphere  are  derived  from  Maxwell's  equations.  ^These 
solutions  show  that  the  Irradiance  variance  diverges  to  infinity  if  the  irradlance  probability  distribution 
is  everywhere  log-normal.  Therefore,  the  widely  used  log-normal  hypothesis  is  Incompatible  with  the  obser- 
vation of  the  saturation  of  the  irradiance  variance.  Using  the  same  asymptotic  solutions,  it  is  shown  that 
the  Irradiance  variance  tends  to  unity  if,  alternately,  the  wave  amplitude  has  a normal  distribution  in  the 
saturation  region.  The  latter  result  is  much  more  consistent  with  the  measured  saturation  levels.  Finally, 
direct  probability  measurements  in  a simulated  atmosphere  tend  to  confirm  that  the  actual  distribution  is 
close  to  normal  at  saturation  distances. 

1.  INTRODUCTION 


One  Important  and  still  unsettled  problem  connected  with  the  study  of  the  propagation  of  optical 
waves  in  turbulent  media  is  the  form  of  the  probability  distribution  of  the  irradiance  fluctuations. 
Well-established  governing  equations  exist  for  the  statistical  moments  of  the  electric  field  but  no  formal 
model  equation  has  been  discovered  for  its  probability  distribution.  However,  approximations  or  hypotheses 
concerning  the  latter  have  always  been  sought  to  relate  the  higher  order  statistical  moments  to  the  lower 
Order  moments . These  simplifications  are  very  often  necessary  to  work  out  solutions.  Most,  if  not  all, 
theoretical  approaches  to  this  problem  use  explicitly  or  implicitly  some  form  of  probability  distribution 
hypothesis.  In  regions  where  Rytov's  method  is  valid,  application  of  the  central  limit  theorem  strongly 
supports  the  log-normal  probability  distribution  of  the  irradiance  fluctuations.  However,  in  regions  where 
saturation  of  the  Irradiance  variance  is  observed,  the  results  are  theoretically  more  controversial:  equally 

convincing  arguments  have  been  presented  in  support  of  either  a log-normal  or  a Rice-Nakagami  distribution  of 
the  turbulent  irradiance'.  Experimentally,  many  direct  measurements  seem  to  support  the  log-normal  hypothesis 
throughout  the  propagation  range  but  recent  Russian  data  show  relatively  significant  deviations  from  log- 
normal in  the  saturation  region. 

The  situation  depicted  in  the  preceding  paragraph  is  described  and  referenced  by  WANG  and 
STROHBEHN  (1974a,  1974b) . They  present  numerical  results  which  show  that  the  irradiance  probability 
distribution  cannot  be  exactly  log-normal  in  the  saturation  region.  We  arrive  at  the  same  conclusion  in 
this  report.  Using  straightforward  mathematical  and  statistical  arguments,  we  deduce  the  asymptotic 
solutions  for  the  first-and  second-order  moments  of  the  wave  amplitude  in  the  case  of  a plane  wave.  From 
these  asymptotic  solutions,  we  demonstrate  that  the  log-normal  formula  for  the  relative  Irradiance  variance, 
grows  Indefinitely  with  propagation  distance.  Obviously,  this  divergence  is  unacceptable  in  view  of 
the  numerous  experimental  observations  of  a saturation  regime  where  6^  is  bounded.  On  the  other  hand,  if 
the  wave  amplitude  is  assumed  to  obey  a normal  distribution  in  the  saturntion  region,  we  find  from  the 
same  solutions  that  6^  tends  to  unity.  This  value  is  much  more  consistent  with  published  data  on  the 
saturated  irradi  nee  variance.  Interestingly,  this  normal  probability  distribution  hypothesis  is  reason- 
ably well  corroborated  by  direct  probability  measurements  in  a laboratory  simulation  of  the  turbulent 
atmosphere . 

The  merit  of  the  present  method  is  that  it  does  not  require  extensive  analytical  or  numerical 
manipulations.  Our  results  are  based  on  simple  asymptotic  solutions  which  are  Independent  of  closure 
approximations  and  which  are  valid  for  an  unspecified  refractive  index  covariance  function. 

2 . PROPAGATION  MODEL 


We  consider  a source  pulsating  at  a single  and  constant  angular  frequency  u.  The  resulting 
electromagnetic  field  is  allowed  to  propagate  in  a medium  having  a constant  relative  magnetic  permeability 
y and  a randomly  distributed  relative  dielectric  constant  e.  As  is  commonly  done  in  most  .studies  regarding 
the  effects  of  turbulence  on  optical  propagation  in  the  earth's  atmosphere,  it  is  assumed  that  eu  is  real 
and  that  the  random  fluctuations  in  e are  much  smaller  than  its  average  value.  Consistent  with  the  latter 
hypothesis,  we  neglect  polarization.  Under  these  conditions,  the  electric  field  E can  be  considered  a 
scalar  E and  it  is  conveniently  written  as  fallows: 

E - A exp  [jk(z+4)  - jtftl,  (1) 

where  J k • — — is  the  wave  number,  n^  Is  the  unperturbed  index  of  refraction,  c is  the  speed  of 

light  in  free  space,  z is  the  distance  along  the  propagation  axis,  k*  is  a phase  function  to  be  specified 
later  and  A is  the  wave  amplitude.  Upon  substituting  relation  (1)  for  E in  the  equation  for  the  electric 
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[7(z+*)]2  - , 

V(l+*).VA  +1  AV2(z+<ti)  - A. 


(2) 


13) 


where  n«*^  is  the  instantaneous  refractive  index. 

The  representation  of  the  electric  field  defined  by  relation  Cl)  where  if  and  A satisfy  equations 
(2)  and  (3)  is  not  unique  but,  except  for  the  explicit  approximations  given  above,  equations  (1-3)  are  an 
exact  form  of  Maxwell's  equations.  The  reader  will  note  that  equation  (2)  is  the  eikonal  equation.  Hence, 
function  ^ is  real  and  represents  the  geometrical  optics  fluctuations  of  the  phase  front.  Mathematically, 
the  subdivision  of  the  equation  for  the  electric  field  into  equations  (2)  and  (3)  constitutes  the  system 
which  contains  the  least  number  of  terms  of  disparate  orders  of  magnitude  since  the  wave  number  k,  which 
is  very  large  at  optical  frequencies,  appears  only  once  in  equations  (2)  and  (3). 


(n-n^)  / 


Consistent  with  the  hypothesis  of  small  fluctuations  of  the  index  of  refraction,  i.e. 


n^  « 1,  we  make  the  paraxial  approximation. 


More  explicitly,  we  assume: 


3i 

3* 


« 1, 


(4) 
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where  Q represents  either  A or  ^ and  where  V is  the  gradient  operator  in  the  plane  transverse  to  the 
optical  axis  of  propagation.  Using  relations  (4)  and  (5),  equations  (2)  and  (3)  become: 


3i 

3Z 


(5) 


(6) 


It  * ♦ 1 

We  prefer,  in  the  following  treatment,  to  use  the  notation: 


2k  ’t^^- 


C7) 


V- 


(8) 


where,  in  the  paraxial  approximation,  V denotes  the  vector  angle  subtended  locally  by  the  instantaneous 
geometrical  ray  passing  through  this  point.  Using  equation  (8)  and  noting  that  7 x V = 0,  equations 
(6)  and  (7)  may  be  rewritten  as  follows:  ^ 


(l?  ^ Y ’t)y 


(n-no) 


(9) 


(It  • 


A 7^.y 


7|  A. 


(10) 


Equations  (9)  and  (10)  constitute  our  basic  model  for  the  Instantaneous  geometrical  angle-of-arrlval 
V and  wave  amplitude  A.  They  are  used  here  to  obtain  the  asymptotic  behaviours  of  the  flrst-and  second- 
order  statistical  moments  of  A,  Some  general  features  are  worth  noting.  The  operator  + V.7^ 

indicates  derivation  along  a geometrical  ray.  The  term  i A7  .V  represents  the  geometrical  effects,  upon  A, 
of  the  converging  and  diverging  rays  and  j 7^  A is  the  difxractional  contribution.  Neglecting  the  latter 

term  on  the  grounds  that  k is  large  constitutes  the  geometrical  optics  approximation. 

3.  LOG-NORMAL  DISTRIBUTION  OP  THE  WAVE  AMPLITUDE 

The  log-normal  probability  distribution  hypothesis -implies  that  the  logarithm  of  the  electric  field 
B-A  exp  [j.k*  + jkz  - jmt]  has  a normal  distribution  (TATARSKII,  1967;  LAWRENCE  and  STROHBBHN,  1970).  Using 
the  notation  A»\exp  [x+jk*],  with  X and  i|i  real  and  A -cst.,  and  noting  that  kz,  wt  and  A are  deterministic 
variables,  it  follows  that  tx+jk(ij;+4)]  is  normally  distributed.  The  quantities  kyj  and  k*®represen'j 
respectively  the  dl'ffractional  aAd  tHe 'geometrical  phase  perturbations.  A th'eorra  of  the  probability  theory 
states  that  all  marginal  densities  of  a normal  multi-dimensional  density  are  also  normal  (FELLER,  1966). 
Therefore,  the  functions  x «nd  (x  ♦ Jk(|i),  in  particular,  are  normally  distributed.  We  use  this  result  to 
relate  the  normalized  irradlance  variance' 8^  » (<(AA*)^>  - <AA*>^)  / <AA*>2,  where  AA*  ■ EE*  is  the 
instantaneous  Irradlance,  to  the  flrst-and  second-order  statistical  moments  of  the  wave  sisplitude  A.  The 
upper  asterisk  designates  a complex  conjugate  and  the  angular  brackets  indicate  ensemble  averages.  From-the 
normality  of  x and  (x  ♦ jki(i),  it  is  trivial  to  demonstrate  that: 


8* 


^4<(X-',4>)2>_j^ 


<AA*>.  a2  e2  ,2<  (X-<X>)2> 

0 • 

* -2k^<(F-<^>)2>  2jk<*>  + 4jk<(x-<x>)  ('!'-<♦>)> 


(11) 
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<K>  <A>*  - <M*> 

Combining  equations  (11),  (13)  and  (14),  we  obtain: 

B2,  <ht^ . 1.  (15) 

[<AxA>*]‘* 

whore  |<A^>|  denotes  the  magnitude  of  the  complex  quantity  <A^>.  In  the  remainder  of  the  text,  equation 
(15)  is  often  referred  to  as  the  log-normal  expression  of  the  normalized  irradiance  variance. 

Th.e  approach  followed  here  consists  of  deriving  from  equations  (9)  and  (10)  the  asymptotic  limits 
of  the  statistical  moments  <A>,  <AA*>  and  |<A^>|.  These  asymptotic  functions  are  substituted  in  expression 
(15)  and  the  result  compared  with  experimental  data  to  determine  the  consequences  or  implications  of  the 
log-normal  hypothesis. 

As  is  commonly  done  in  this  field,  we  postulate  that  the  refractive  index  fluctuations  are 
statistically  homogeneous.  Without  loss  of  generality,  we  consider  plane  waves  only.  Indeed,  it  is 
sufficient  to  demonstrate  that  a constitutive  hypothesis  fails  in  a given  application  to  prove  its 
inconsistency.  From  the  latter  assumption,  we  deduce  that  <y>=  0 and  that  the  derivatives,  in  the  transverse 
plane,  of  any  average  quantity  vanish  exactly. 

From  equations  (9)  and  (10),  we  easily  obtain: 

Hence,  for  plane  waves,  we  have: 

^ <AA*>  = 0:^  <AA*>  = A^  = cst.  (16) 

Equation  (16)  expresses  the  principle  of  irradiance  conservation,  a predictable  result  which  confirms  the 
validity  of  the  method  of  deriving  the  equations  for  the  statistical  moments. 

If  we  denote  by  lower-case  letter  the  fluctuating  part  of  the  am;'litude  A,  i.e.  a = A - <A>,  we 

have: 


<AA*>»  <A>  <A>*  + <aa*>.  (17) 

Inspection  of  equations  (16)  and  (17)  ’'•eveals  that  the  turbulent  inadiance  <aa*>  is  extracted  from  the 
mean  field  irradiance  [<A><A>*] . Statistically,  it  appears  extremely  doubtful  that  this  mechanism  could 
ji-./ntaneously  reverse  itself  with  increasing  propagation  distance  z.  In  other  i-’ords,  it  is  very  improbable 
that  non-turbulent  irradiance  co  i spontaneously  be  produced  out  of  turbulent  'adiance.  Therefore, 
asymptotic  oscillations  of  ■<aa*>  and  [<A><A>*]  are  ruled  out  as  very  unlikely.  -_.ice  both  expressions  are 
positive  definite,  we  conclude  from  equations  (16)  and  (17)  that  <aa*>  and  [<A><A>*]  must  tend  toward  constant 
values  as  n<»,  or.  equivalently,  that  the  z-derivatives  of  these  quan-tities  must  vanish  asymptotically. 

The  hypotht sis  of  non-oscillation  of  <aa*>  and  [<A><A>*]  forms  the  basis  of  the  proposed  asymptotic 
solutions.  Essentially,  this  postulate  is  derived  from  the  more  general  observation  that  stochastic 
processes  naturally  tend  to  assume  the  most  probable  or  the  most  random  statistical  state,  i.e.  the  state 
which  contains  the  largest  number  of  degrees  of  freedom.  In  our  application  of  a plane  optical  wave  propa- 
gating in  a homogeneous  turbulent  atmosphere,  a decrease  in  the  turbulent  irradiance  <aa*>  corresponds  to  a 
decrease  in  the  number  of  permissible  degrees  of  freedom  since,  by  conservation,  it  necessarily  implies  an 
Increase  in  the  non-random  fraction  of  the  total  irradiance.  Consequently,  it  is  indeed  improbable  that 
<aa*>  could  spontaneously  begin  to  decrease  or  oscillate  with  increasing  values  of  z. 

Averaging  equation  (10),  we  obtain  for  plane  waves: 

^ <A>  = I <A7^,V>.  (18) 

from  which  we  derive  the  following  equation  for  (<A><A>*) : 


^ <A><A>*  = 1 <A>*  <AV^.y>  + i <A>  <A*V^.V>.  (19 

Since  [<A><A>*]  asymptotically  tends  toward  a constant,  the  right-hand  side  of  equation  (19)  must  vanish 
monotlcaily  ns  z ->•  ».  Therefore,  either,  or  both,  <A>  and  <A7  .y>  must  go  to  zero  as  z We  will  show 

that  <A7^.V>  cannot  tend  to  zero  if  the  asymptotic  limit  of  <-A>  is  non-zero. 


From  equations  (9)  and  (10),  we  derive  the  following  equation  for  <A7^.V>; 

^ <A7^.V>  = <A>  {-1<  (7^.y/,  . (20) 

Where  c.c.m.  stands  for  cross  correlation  moments  involving  the  fluctuating  amplitude  a,  the  vector  angle  V 
or  the  index  of  refraction  n.  The  latter  terms  depend  on  both  equations  (9)  and  (10).  In  other  words,  they 
are  functions  of  both  the  geometrical  and  the  diffractional  effects.  By  comparison, <^7  .V)2>  is  governed  by 
equation  (9)  only;  in  particular,  <(7^.V)2>  independent.  Hence,  because'they  are  functions 

ot  different  processes,  the  terms  within  brackets  in  the  right-hand  side  of  equation  (20)  cannot  cancel  each 
other  exactly  and  reproducibly  under  general  conditions,  except  perhaps  at  some  discrete  points.  Moreover, 
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<(7  .V)^>  is  positive  definite  and  .according  to  the  very  definition  of  V,  it  remains  non- zero  as  long 
as  turbulence  persists,  i.e,  for  all  values  of  z > 0.  Hence,  in  general,  the  right-hand  side  of 
equation  (20)  cannot  monotonically  vanish  if  <A>  tends  to  a non-zero  limit.  Therefore,  it  is  impos- 
sible for  <AV  .V>  to  remain  constant  and  in  particulax-  zero  if  <A>  is  non-zero.  Applying  this  result 
to  equation  (19)  and  recalling  that  the  z-deri-'ative  of  [<A><A>*]  must  vanish  asymptotically,  it  follows 
that  the  average  amplitude  <A>  must  go  to  zero  with  increasing  z,  i.e.; 


<A>  -*-0  as  z -*■  <», 
from  which  it  follows  that: 


<A><A>* 


0 as  z -►  *. 


(21) 


(22) 


It  is  worth  noting  that  the  latter  result  was  heuristically  predictable  from  our  starting  postulate 
that  a stochastic  process  naturally  tends  toward  a state  of  maximum  randomness.  Given  equations  (16)  and 
(17) , equation  (22)  expresses  the  fact  that  all  available  irradiance  has  been  transformed  into  turbulent 
irradlance  or,  equivalently,  that  the  original  wave  has  been  completely  and  totally  scattered.  This  situ- 
ation should  Indeed  correspond  to  the  most  random  state  of  irradiance  distribution.  Therefore,  the  aiialysis 
of  the  preceding  paragraphs  demonstrates  that  the  postulate  of  maximiun  randomness  and  Maxwell's  equations 
are  mutually  consistent. 

To  obtain  the  asymptotic  value  of  the  log-normal  formula  (15)  for  the  irradiance  'ariance,  there 
remains  to  determine  the  behaviour  of  1<A^>1  as  z -*■  <».  Denoting  by  R and  I the  real  and  imaginary  parts 
of  A and  by  r and  i the  real  and  imaginary  parts  of  a = A - <A>,  we  have: 


1<a2> 


[<A><A>*]^  + [<r^>  - <i^>]^  + 4 <ri>2 


+2[<R>2  - <I>2)  [<r^>  - <i^>]  + g <R><Ixri>. 

From  equation  (10),  we  derive  the  following  equation  for  <A^'  which  is  valid  for  plane  waves: 


37 


<A^> 


(23) 


(24) 


Consistent  with  the  hypotheses  of  plane  wave  and  of  statistical  homogeneity  of  the  index  of  refraction, 
we  deduce  that -A  is  statistically  homogeneous  in  planes  transverse  to  the  optical  axis.  Thus,  we  can  ' 
rewrite  the  latter  equation  as  follows: 

^ <a2>  * ^ 7^^  <a(z,p)  a(z,  e+  > 

whevo  p and  ^ are  position  vectors  in  the  transverse  plane.  Equating  the  real  and  imaginary  parts,  we  have: 


Ij-  [<r2>-  <i2>]  s [<i(z,p)  r(z,  p+e)>+  <r(z,p)  i(z,  p+|)>  ], 


lim 


(25) 


dz 


<RI> 

It  is  trivial  to  demonstrate  that: 


1 

■JT 


lim 

K-*0 


7 2 
C 


[<r(z,p)  r(z,  P+§)>  - <i(z,p)  i(z,  P+0>  ]• 


(26) 


|<R2>  - <l2>|  < <r2>  + <l2>  o <AA*  >, 


<RI> 


< i [<r2>  + <l2>]  = J <AA*> . 


Therefore,  from  equation  (16)  we  deduce  that  the  expressions  [<r2>  - <l2>]  ar.d  are  bounded.  If  oscil- 
lations are  ruled  out,  this  implies  tha'  the  right-hand  side  expressions  of  equation.  (25)  and  (26)  must 
vanish  asymptotically  (we  will  consider  '.he  possibility  of  oscillations  later  on).  The  second  derivatives 
at  5=0  of  the  individual  covariance  f'metions  which  appear  in  equations  (25)  -<d  (26)  are  not  likely  to 

vanish  independently  of  the  function:  themselves.  On  'he  contrary,  experimental  (DUNPHY  and  KERR,  1973) 
and  theoretical  (BROWN,  1972;  YURA,  1974a)  investigations  indicate  that  the  decrease  of  the  amplivude 
correlation  as  (-*-0  becomes  more  rapid  with  increasing,  propagation  distance  or  turbulence  strength.  In  other 
words,  the  second  order  derivatives,  at  zero  separation,  of  the  amplitude  a 1 phase  covariances  generally 
grow  with  z.  Therefore,  we  conclude  that  the  complex  covariance  <a(z,p)  a(z,  g+  5)>  must  vanish  as  z-+<»  and 
C-K).  In  particular,  at  5=0  we  must  have: 


<r‘>  - <i^> 


<ri> 


0 as  z 


and: 


(27) 

(28) 


.-  [<r2>  -<i2>] 


dz 


0(<ri>)  as  z-*  ■ 


(29) 


g—  <RI>  = 0(<r2>-<i2>5  as  z-k»,  (30) 

where  S(u)  = 0(T(u))  as  u-ni^  signifies  that  the  ratio  S/T  remains  bounded  in  some  neighbourhood  of  u^. 
Therefore,  it  follows  from  equations  (22),  (23),  (27''  and  (28)  taat: 

|<a2>|  -*-0  as  z-w.  (31) 

...  »M..,  . 


-A  Siaii 
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Substitution  of  equations  (22)  and  (3i)  for  [<A><A>*]  and  |<A*>|  into  fonmila  (IS)  leads  to  an 


indetoTwination  0*0.  Therefore,  to  compute  the  asymptotic  value  of  the  log-normal  expression  for  6^, 
we  must  compare  the  rates  at  which  [<AxA>*]  and  |<A^>|  respectively  tend  to  zero. 

Prom  standard  theorems,  we  have: 

|<r>2  . <i>2|  ^ <A><A>*,  (32) 

|<RxI>,  < 1 <AxA>*.  (33) 

Inspection  of  equation  (23)  together  with  the  inequalities  (32)  and  (33)  reveals  that  1<A^>|  cannot  tend 
to  zero  faster  than  [<A><A>*]  unless  [<r^>  - <i^>]  and/or  <ri>  tend  to  zero  at  the  same  rate  as  [<AxA>*] 
does;  if  only  one  of  the  expressions  [<r^>  - <i^>]  and  <ri>  satisfies  the  latter  condition,  the  remaining 
one  must  evidently  vanish  more  rapidly  than  f<A><A>*].  Only  then  is  it  conceivable  that  the  fourth  and/or 
the  fifth  term  in  formula  (23)  could  combine  with  [<AxA>*]^  and  the  other  positive  definite  terms  to  form 
a result  vanishing  at  a rate  faster  than  the  Individual  terms.  This  constitutes  the  only  case  where  the 
log-notmal  expression  (15)  for  the  irradiance  variance  could  possibly  tend  to  a bounded  value  as  z-»~.  Since 
the  magnitude  of  <A^>  goes  to  zero  at  the  same  rate  as  the  largest  of  its  real  and  imaginary  parts,  we  would 
have  in  this,  situation,  from  equations  (29)  and  (30),  that: 


■ 0(<AxA>*)  as  z-H». 


Applying  the  rule  of  1 'Hospital  and  utilizing  equations  (16)  ai;d  (34),  the  asymptotic  value  of  the  log-normal 
formula  (IS)  would  behave  as  follows:  ^ 

6"  ^ ■ j [2  ^ <AXA>*]  ^ [ -1  as  z^. 

But  we  have  already  established  that  ^ [<AxA>*]  -*•  0 as  z-*“.  Hence,  even  tho  most  favourable  conditions 
yield  a diverging  log-normal  irradiance  variance.  Therefore,  wc  conclude  that  the  hypothesis  of  log-normal 
probability  dlstilbutlon  necessarily  leads  to 


at  least  in  the  case  of  plane  waves. 

There  remains  to  consider  the  possibility  of  asymptotic  oscillations  of  )<A^>1.  In  principle,  the 
irradiance  could  alternate  between  the  components  <R^>  and  <1^>  without  inducing  oscillations  of  the 
quantities  [<AxA>*]  and  <aa*>.  However,  in  the  present  situation  of  plane  waves  propagating  in 
homogeneous  turbulence,  it  is  very  difficult  to  imagine  a mechanism  which  could  give  rise  to  such  oscilla- 
tions. In  any  case,  should  |<A^>|  oscillate  asymptotically,  it  is  evident  from  equations  (15)  and  (22) 
that  0^  would  still  strongly  diverge  or  alternate  unrealistically  between  +■»  and  -~. 

In  summary,  the  asymptotic  limits  of  the  first-and  second-order  statistical  moments  of  the  electric 
field  amplitude,  which  are  solutions  to  Maxwell’s  equations  in  the  case  of  a plane  wave  propagating  in  a 
homogeneous  turbulent  medium,  imply  that  the  irradiance  variance,  as  obtained  from  the  log-normal  probabi- 
lity distribution  hypothesis,  grows  indefinitely.  This  result  is  in  obvious  conflict  with  all  experimental 
observations.  Therefore,  we  conclude  that  the  probability  distribution  of  the  electric  field  of  an  optical 
wave  propagating  in  turbulence  cannot,  in  general,  remain  log-normal  as  the  propagation  range  increases. 

For  the  preceding  asymptotic  results  to  be  practical,  it  is  important  to  specify  where  infinity 
(z-«o)  actually  begins.  An  order  of  magnitude  estimate  of  the  characteristic  propagation  length  f.  , on 
which  the  decay  of  the  average  amplitude  <A>  scales,  is  derived  in  appendix.  Making  the  2/3-powe?  law 
hypothesis  for  the  index  covariance  function  and  assuming  it  is  found  that: 

^c  ” (ar) 

where  and  L are  respectively  the  index  structure  parameter,  the  inner  scale  of  turbulence  and  the 

outer  scale  of  turoulence.  Taking  ^^=5  mm,  we  have: 

.7  .1/3 

- for  strong  turbulence,  C = 5x10  m , 

I “ 300  m:  " 

-0  1/3 

- for  intermediate  turbulence,  C = 4x10  m ' , 

“ l.S  km;  and  ” 

_9  _l/3 

- for  weak  turbulence,  C = 8x10  m ' . 

f = 5 km.  " 

c 

Despite  the  roughness  of  the  approximations  leading  to  (A8)  and  the  uncertainty  regarding  the  inner  scale 
t and  its  possible  variation  with  C , the  estimates  of  the  characteristic  propagation  length  L given 
above  indicate  quite  convincingly  that  the  asymptotic  solutions  derived  in  this  section  become  Applicable 
at  distances  corresponding  to  the  experimentally  observed  saturation  regime. 

4.  NORMAL  DISTRIBUTION  OF  THE  WAVE  AMPLITUDE 


The  asymptotic  solutions  derived  in  the  previous  section  can  also  give  information  concerning  the 
plausibility  of  other  distributions.  In  particular,  we  consider  in  this  section  the  possibility  that  the 
wave  amplitude  is  normally  distributed  at  large  propagation  distances. 


Using  the  notation  defined  earlier,  the  variance  of  the  irradiance  is  given  by: 
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<(AA*)*>  - <AA*>*  « <(»a*)^>  + 2[<A><b**«*>  + <A>*  <aaa*>i 
- <aa*>^  ♦ 2<A><A>*  <aa*> 

♦ <A><A><a*a*>  + <A>*  <A>*  <aa>. 


If  the  turbulent  a<nplltude  a is  nonbally  distributed,  the  following  simplifying  equations  are 
applicable: 

<aa*a*>  ■ <aaa*>  « 0,  137) 

<(aa*)*>  » 2<aa*>2  + <aa><a*a*>.  (38) 

Hence,  the  normal  probability  formula  for  the  normalized  irradlance  variance  is: 

02  > <AA*>"^  { <aa*>*  ♦ <aa><a*a*>  + 2<A><A>*  <aa*> 

+ <A><A><a*a*>  ♦ <A>*  <A>*  <aa>  }.  (39) 

Therefore,  from  equations  (16)  and  (17)  and  the  asymptotic  expressions  (21), (22),  (27)  and  (28),  it  follows, 
for  a plane  wave, that: 

6^  ♦ 1.0  as  z -►  •*,  (40) 

If  the  wave  amplitude  has  a normal  probability  distribution. 

The  experimental  saturation  values  for  the  normalized  irradlance  standard  deviation  vary  substantially 
according  to  various  sources.  For  example,  we  find  that:  6 -►  1.0  (LIVINGSTON  et  al.,  1970);  8 + 1.1 
(TATARSKII,  1971);  6 + 1.1  (KHMELEVTSOV,  1973):  6 + 1.23  (CLIFFORD  et  al.,  1974);  and  6 + 1.3  (DABBERDT  et  al., 
1973).  These  numbers  are  representative  of  the  data  spread.  They  were  generally  obtained  using  a point 
source  but  recent  theoretical  results  (YURA,  1974b)  suggest  that  the  saturation  level  is  the  same  for  plane  and 
spherical  waves.  Hence,  th«  hypothesis  of  normal  probability  distribution  of  the  wave  amplitude  applied  to 
our  asymptotic  solutions  yields  a saturation  value  of  the  normalized  irradiance  standard  deviation  which 
seems  to  be  smaller,  by  0 to  30%  depending  on  the  data  source,  than  the  measured  values.  The  differences 
are  well  within  the  experimental  scatter  affecting  each  set  of  data  so  that  our  theoretical  prediction  can 
be  considered  well  corroborated.  Consequently,  the  normal  probability  distribution  hypothesis  appears  very 
plausible  in  the  saturation  region,  at  least  in  so  far  as  the  irradlance  variance  is  concerned. 

In  view  of  the  relatively  important  data  spread,  a laboratory  experiment  was  designed  to  simulate  the 
turbulent  atmosphere,  A full  description  of  the  apparatus  will  be  given  in  subsequent  publications.  In 
short,  the  thermal  turbulences  are  created  by  electrically  heating  the  bottom  of  a 1.5-m  long,  50-cm  deep 
and  50-cm  wide  water  tank.  The  average  water  temperature  is  maintained  constant  by  circulating  cold  water 
in  a heat  exchanger  located  just  below  the  water  surface.  Typically,  homogeneous  temperature  fluctuations, 
of  the  order  of  0.3®C  in  standard  deviation,  are  routinely  produced  with  excellent  reproducibility.  This 
corresponds  to  an  index  structure  parameter  C » 1.55  x lO-**  m'l/^,  which  is  300  times  greater  than  what 
is  normally  referred  to  as  strong  atmospheric"turbulence . Hence,  the  characteristic  propagation  distances 
are  considerably  reduced  and  saturation  phenomena  are  easily  observed  in  the  laboratory.  The  Z/3-power 
law,  or  the  Obukhov-Kolmogorov  model,  of  the  refractive  index  structure  function  is  approximately  verified 
over  separations  ranging  from  1 to  7 or  8 mm.  The  light  source  is  a 50-mW  He-Ne  laser.  All  data  reported 
here  are  recorded  on  the  axis  of  the  beam  which  is  collimated  and  expanded  to  a 50-mm  diameter.  Folding- 
mirrors  are  used  to  increase  the  propagation  path. 

The  instantaneous  irradiance  is  detected  by  a pinhole-optical  filter-photomultiplier  assembly.  The 
photomultiplier  signal  is  digitized  and  transferred  to  the  central  computer  where  all  data  analyses  are 
performed  digitally. 

The  measured  normalized  standard  deviation  6 of  the  irradiance  fluctuations  on  the  beam  axis  is 
plotted  as  a function  of  z in  figure  1.  Saturation  is  clearly  shown  to  occur  at  distances  z > 2 m.  This 
is  in  excellent  agreement  with  formula  (A8)  if  t is  assumed  to  be  of  the  order  of  1 nmi.  The  saturation 
level  is  very  close  to  unity.  Hence,  the  value  derived  from  our  asymptotic  solutions  and  the  hypothesis 
of  normal  probability  distribution  of  the  wave  amplitude  is  very  well  corroborated  in  this  simulation 
experiment . 

Making  use  of  the  asymptotic  solutions  (21),  (27)  and  (28),  it  is  easy  to  demonstrate  that  the 
Irradiance  (H»AA*)  probability  distribution,  corresponding  to  the  normal  probability  distribution  of 
the  wave  amplitude,  is  given  by: 

P(H/6<H>)  = 1 - exp  (H/6<H>).  (41) 

In  figure  2,  equation  (41)  is  compared  to  the  distribution  calculated  from  a 2500-point,  1.5  min 
irradiance  sample  recorded  on  the  beam  axis  at  a saturation  distance  z=3.3  m.  The  agreement  1$  not 
excellent  but  nevertheless  satisfactory  considering  the  simplicity  of  the  normal  approximation.  Deviations 
are  less  than  10%  in  terms  of  the  logarithm  of  (1-P)  over  the  three  decades  available,  and  they  are  typical, 
both  in  magnitude  and  trend.  It  is  emphasized  that  the  parameters  <H>  and  6,  which  are  used  to  plot  the 
experimental  points,  are  the  true  average  value  and  the  true  normalized  standard  deviation  of  the  irradiance 
data;  they  were  not  determined  by  a best  fit  to  equation  (41). 
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Figure  2 Is  a comparison  between  irradiance  probability  measurements  and  the  probability  function 
inferred  from  the  hypothesis  of  normal  distribution  of  the  wave  amplitude  using  the  asymptotic  solutions 
(21),  (27)  and  (28)  which  were  deduced  directly  from  Maxwell's  equations.  Hence,  the  experiment  shows 
that  the  normal  probability  distribution  and  Maxwell's  equations  are  mutually  consistent  in  the  saturation 
region. 


Pursuing  further  the  analysis,  it  was  found,  as  in  many  atmospheric  experiments,  that  a log-normal 
function  also  fits  the  data  with  reasonable  accuracy,  i.e.  of  the  same  order  as  that  shown  in  figure  2. 

But,  not  surprisingly,  the  fitted  log-normal  function  yields  a finite  value  of  8 (cenerally  different 
from  the  true  normalized  standard  deviation),  in  complete  disagreement  with  solution  (35).  Since  the 
latter  result  was  obtained  directly  from  Maxwell's  equations  with  no  closure  approximation  other  than  the 
leg -normal  hypothesis,  it  follows  that  the  seemingly  valid  log-normal  distribution  in  the  sat;,ration  region 
is  either  not  self-consistent,  or  not  consistent  with  Maxwell's  equations.  In  other  words,  a log-normal 
function  can  apparently  be  fitted  to  the  probability  data  at  various  locations  z,  but  solution  (35)  and  the 
observation  of  a saturation  regime  show  that  the  variation  along  z of  the  parameter  B which  would 
characterize  this  empirical  function  cannot  satisfy  Maxwell's  equations  in  a manner  self-consistent  with 
the  log-normal  distribution.  Therefore,  the  often  publicized  experimental  support  for  the  log-normal 
distribution  in  the  saturation  region  has  no  theoretical  foundation,  it  appears  to  have  a local  empirical 
value  only.  By  comparison,  the  normal  distribution  hypothesis  was  shown  to  give  results  which,  at  least, 
are  theoretically  and  experimentally  compatible  throughout  the  propagation  range. 

5.  CONCLUSIONS 


Two  principal  conclusions  can  be  formulated  from  the  theoretical  and  experimental  results  of  this 

study. 


Firstly,  it  is  concluded  that  the  hypothesis  of  exact  log-normal  probability  distribution  of  the 
irradiance  fluctuations  is  Incompatible  with  the  experimental  observation  of  a saturation  regime  of  the 
irradiance  variance.  It  was  demonstrated  directly  from  Maxwell's  equation  and  without  closure  approximations 
nor  hypotheses  concerning  the  refractive  index  structure  function,  that  the  normalized  irradiance  variance 
of  a monochromatic  optical  plane  wave  propagating  in  homogeneous  turbulence  diverges  to  infinity  if  the 
irradiance  remains  log-normally  distributed  in  the  saturation  region.  Therefore,  any  theoretical  model 
making  use  of  the  exact  log-normal  distribution  is  liable  to  produce  Inconsistent  answers. 

Secondly,  it  is  concluded  that  a normal  probability  distribution  of  the  wave  amplitude  is  a very 
plausible  approximation  in  the  saturation  regime.  On  the  one  hand,  this  is  reasonably  well  confirmed  by 
the  atmospherically  measured  saturation  values  of  the  normalized  irradiance  standard  deviation  B.  Although 
the  predicted  value  of  B is  on  the  average  15%  smaller  than  the  reported  data,  the  differences  are  well 
within  the  experimental  scatter  which  limits  most  atmospheric  measurements.  On  the  other  hand,  it  is  found 
that  both  the  irradiance  standard  deviation  and  the  irradiance  probability  measurements  in  a laboratory 
controlled  turbulent  atmosphere  agree  very  satisfactorily  with  che  normal  probability  distribution  in  the 
saturation  region. 

These  results  have  obvious  implications  with  regard  to  the  modelling  of  the  effects  of  turbulence 
on  long  range  atmospheric  propagation  of  visible  and  infrared  laser  beams.  For  example,  many  leading 
theoretical  models  dealing  with  saturation  (e.g.  YURA,  1974a;  CLIFFORD,  OCHS  and  LAWRENCE,  1974;  and 
DeWOLF,  1973a,  1973b,  1974)  agree  in  some  implicit  or  explicit  fashion  with  the  log-normal  probability 
distribution.  Consequently,  some  of  the  constitutive  hypotheses  of  these  theories  would  need  further 
clarification  in  the  light  of  the  conclusions  summarized  above. 

APPENDIX:  PROPAGATION  LENGTH  SCALE 


We  derive  here  an  estimate  of  the  characteristic  propagation  distance  t on  which  the  decay  of  the 
average  amplitude  <A>  scales.  The  reader  is  reminded  that  the  method  of  this  Sppendix  leads  to  order  of 
magnitude  estimates  only  and  that  the  resulting  value  of  the  characteristic  propagation  length  t should 
be  used  accordingly.  ^ 

Replacing  the  variables  in  equation  (18)  by  their  representative  values,  we  have: 


7^.  « } 0(<AV  .V>). 

c 

Performing  the  same  type  of  operation  on  equation  (20),  we  obtain: 


CAl) 


m 


i 


4 

1 

'i 

f 


0(<AV  .V>) 

^ " 1 0(<(V^.y)Z>).  (A2) 

c 

We  have  dropped  the  cross-correlation  moments  in  the  resulting  equation  (A2)  not  because  they  are  negligible, 
which  is  generally  not  the  case,  but  because  the  first  term  is  representative  of  the  magnitude  of  the  right- 
hand  side  expression  of  equation  (20)  and,  thus,  sufficient  for  an  order  of  magnitude  analysis.  The  first 
term  is  purely  geometric.  Therefore,  the  resulting  I should  be  strictly  applicable  in  the  geometrical 
optics  limit  only.  Combining  equations  (Al)  'and  (A2)^  we  find: 


4 

0(<(V^.V)2>) 


(A3) 


Neglecting  the  nonlinear  contributions  to  <CV^.V)*>  since  the  variance  of  the  angle-of-arrlval. 
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<V,V>,  Is  auch  snaller  than  unity,  wa  derive  fron  equation  (9)  that: 

f f dtidi9  ^ 7*  ("l-no)  y2  (nz-Wo)^  (A4) 

t P2^1  2 < PI  — ^ P2 


where  subscripts  i and  2 refer  to  different  transverse  planes.  Since  the  correlation  length  of  the  Index 
of  refraction  fluctuations  Is  generally  imich  stsaller  than  the  propagation  distances  of  Interest,  we 
approxlnate  equation  (A4)  as  follows: 

<tV..V)2>  - r dz,  r ds/V2  [n(*i,6i)  - IV,]  ,2  [n(n*s,B2)  - nj 

t - 62-^1  Jq  JL,  ^ Pi  ^ P2  JJ > • (AS) 

Assuming  that  the  index  n Is  statistically  homogeneous  and  isotropic  and  using  the  2/3-power  law  or  the 
Ohukhov-Kolnogorov  model  (TATARSKII,  1967),  equation  (AS)  becomes: 


<(V^.V)2>  t* 


ds 


lim 

p-K> 


’p  ’p  f"o*  •'n 


(A6) 


where  Cj,  t and  L are  respectively  the  Index  structure  parameter,  the  inner  scale  of  turbulence  and  the 
outer  scale"of  turbulence.  To  simplify  equation  (A6),  we  have  postulated  thac  the  contributions  to  the 
integral  for  values  of  s outside  the  range  (f  , L ) are  negligible;  this  approximation  should  be  sufficient 
for  an  order  of  magnitude  estimate.  Final ly,°tak¥ng  t « L , we  get: 


<(V^.V)2> 


M. 
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(A7) 


Substituting  relation  (A7)  for  <(V  .V)^>  in  equation  (A3)  with  C and  t assumed  constant,  and  taking 
0(z)  = ■tj.,  we  obtain  the  formula:  ' no 


7/9  -2/3  ^1, 

1.1  t C 

0 n 0 


(A8) 


This  expression  is  representative  of  the  geometrical  effects  only.  It  is  worth  noting  that  this  t 
corresponds,  within  a numerical  factor  of  the  order  of  unity,  to  a characteristic  length  which  could  be 
derived  from  Tatarskii's  geometrical  optics  solution  for  the  log-amplitude  variance  (TATARSKII,  1967, 
eq.  6. 63) . 
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FIGURE  1:  Normalized  standard  deviation  of  irradiance  fluctuations 

as  a function  of  propagation  distance.  O ^ data  recorded 
on  the  axis  of  a SO-mm  He-Ne  laser  beam  propagating  in 
turbulent  water,  C »1.5S  x 10“** 


FIGURE  2: 


5 

H//3<H> 


Irradiance  probability  distribution,  O • distribution 
measured  at  a saturation  distance  z«3.3m  on  the  axis  of 
a 50-mm  He-Ne  laser  beam  propagating  in  turbulent  water, 

C «1,55  X 10"**  : theoretical  prediction 

bfised  on  the  normal  probability  distribution  of  the  wave 
amplitude  and  the  asymptotic  solutions  for  the  first-and 
second -order  statistical  smsents  of  the  wave  amplitude. 
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TURBULEMCE  EFFECTS  OM  TARGET  ILHIMIMATION  BY  lASER  TKAMSMITTER ; 
UNIFIED  AMALYSIS  AND  EXPEMMEMTAL  VERIFICATION* 
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SUMMARY 


A phenomenological  and  analytical  description  la  given  of  atmospheric  turbulence  effects  on  laser 
beam  waves.  Including  the  Improved  target  Irrcdlance  characteristics  resulting  from  cancellation  of  tur- 
bulence-induced beam  wander  through  reciprocity  tracking.  The  mechanisms  related  to  the  mean  Irradlance 
Include  diffraction,  wander,  and  wavefront  distortion  (beamspread) , while  Irradlance-fadlng  Is  caused  by 
wander,  first-order  scintillation,  and  coherent  fading.  The  phenomenological  description  unifies  the 
often  fragmentary  and  Inconsistent  treatment  of  beam  wave  phenomena  found  In  the  literature,  and  Is  suf- 
ficiently accurate  for  engineering  purposes.  It  will  be  shown  that  wander-cancellation  and  control  of 
the  transmitter  beam  diameter  can  result  In  substantial  Improvements  In  target  Illumination.  The  analyses 
are  compared  with  experimental  data  for  the  detailed  statistical  and  spectral  characteristics  of  on-axls 
target  Irradlance. 

1.  INTRODUCTION 

Target-lllumlnatlon  systems  for  laser  radar,  designation,  connunlcations,  and  other  applications  may 
be  severely  affected  by  turbulence  effects  which  Include  beam  spreading,  wander,  and  scintillation.  The 
theoretical  descriptions  of  these  phenomena  for  a finite  beam  wave  have  been  fragmentary  and  inconalstent. 
In  particular,  Che  relative  advantages  Co  be  achieved  through  the  use  of  optical  transmitter  techniques 
with  various  degrees  of  sophistication  have  not  been  readily  evaluated. 

In  this  paper  a unified  phenomenological  analysis  of  these  effects  will  be  given  and  shown  to  agree 
with  the  available  results  of  a rigorous  application  of  the  Huygens-Fresnel  principle  as  extended  to  a 
random  medium.  The  mean  and  variance  of  target  Irradlance  will  be  described  as  a function  of  transmitter 
site  and  focus,  wavelength,  pathlength,  and  turbulence  strength,  including  the  case  of  saturation  or  mul- 
tiple scattering  with  a large-Fresnel-number  system.  In  particular,  the  effects  of  wander-cancellation 
through  reciprocity  tracking  and  Illumination  Improvement  through  aperture  site  and  focus  control  will  be 
evaluated , 

For  a given  Integrated-path  turbulence  level,  the  optimum  beam  diameter  (D)  Is  of  the  order  of  the 
coherence  radius  (pg)  for  a point  source  propagating  over  the  reciprocal  path;  a larger  beam  will  result 
In  less  mean  Irradlance  and  greater  fluctuations  on  target,  with  a normalized  variance  which  approaches 
unity  for  large  values  of  (D/pg) > It  will  also  be  shown  that  this  parameter  (D/pg)  Is  largely  but  not 
completely  sufficient  to  determine  the  performance  of  a focused  Illuminator  for  an  arbitrary  case, 

The  analyses  will  be  compared  with  experimental  data  for  the  detailed  statistical  and  spectral  char- 
acteristics of  on-axls  target  Irradlance. 

2.  ANALYTICAL  AND  PHENOMENOLOGICAL  DESCRIPTION 
2.1  First  Moment  or  Mean  Irradlance 

The  analytical  approach  represents  an  extension  of  recent  Huygens-Fresnel  and  reciprocity  formalisms 
(Lutomirskl,  R.F.  and  Yura,  H.  T.,  1971;  Yura,  H.  T. , 1971;  Fried,  D.  L.  and  Yura,  H.T.,  1972).  The  gen- 
eral expression  for  the  mean  Irradlance  on  target  Is  given  by  (Yura,  H.  T. , 1973) 


" ' Jd^R  b(r  + |)  U*  (r  - f)  e * 

where 

p transverse  position  vector  for  target  point  under  consideration 
k “ optical  wavenumber 
_ path  length 

R,p  “ sum  and  difference  coordinates  In  the  transmitter  aperture,  respectively 
M “ atmospheric  modulation  transfer  function 
and  U “ complex  transmitter  amplitude  distribution. 


*Thls  work  sponsored  by  the  Defense  Advanced  Research  Projects  Agency  and  the  Air  Force  System  Coimand's 
Rome  Air  Development  Center,  Griff iss  Air  Force  Base,  New  York. 
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We  Immediately  speciallxe  the  transmitter  to  the  case  of  a gausslan  beam  with  nominal  radius  (a)  and  out- 
put radius  of  curvature  (f).  to  write  the  second  Integral  as 
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We  put  this  back  Into  Eq.  (1),  and  Integrate  over  the  polar  coordinate  resulting  In 


(p)  - — |U^|^  I dp  p M(p)  J^(jpp) 


^ + k a 


Finally,  we  specialize  to  an  on-axls  point  (p  - 0),  with  the  transmitter  focused  on  the  target 
(f  " z): 
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I-  ^ |U 

2z^  ' 


dp  p M(p)  e 
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This  Includes  the  special  case  of  a collimated  beam  (f  - z - and  the  expression  may  be  immediately 

compared  to  that  for  a reciprocal  case  of  a heterodyne  receiver,  in  which  a plane  wave  (or  Infinite  focus) 
has  generally  been  assumed  (Fried,  D.  L,,  1967). 

We  denote  the  transmitter  diameter  as  0 • 2a,  and  define  x " p/D,  The  MTF  is  that  for  a point  source 
over  a reciprocal  path  (Fried,  D.L.  and  Yura,  H.  T. , 1972); 


M(Dx)  ■ e 


-(Dx/pJ- 


In  this  expression,  the  coherence  parameter  (p  ) is  obtainable  as  an  Integral  over  the  reciprocal  path  (S) 
from  the  target  to  the  transmitter: 


.jl.45k2| 


(8)  (I)  dS 


where  Is  the  refractive  Index  structure  constant  (Lawrence,  R.S.  and  Strohbehn,  J.  W. , 1970). 
We  thus  have 
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dx  X e 
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We  point  out  that  the  dependence  on  the  Fresnel  number  (ka  /z)  ’ has  disappeared  from  the  integral,  and 

the  pertinent  Independent  variable  Is  simply  (D/p^).  This  means  that  basic  conclusions  drawn  from  earlier 
analyses  (Fried,  D.L.,  1967)  of  the  reciprocal,  heterodyne  receiver  case  will  be  valid  for  a focused  or 
collimated  transmitter  with  f - z,  over  an  arbitrary  (nonuniform)  path;  it  is  only  necessary  to  know  M(p) 
or  p for  the  path. 


It  Is  useful  to  normalize  Eq.  (7)  in  two  alternative  ways.  If  we  let  the  turbulence  strength  go  to 


zero  (p^-*-  ®) , we  have 
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and  (7)  can  be  written  as 
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dx  X e 


-(Dx/p^) 
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(9a) 


79990  999 

since  1q  |u  I D X VTu  fx*'  “ Transmitter  Power  X k olx*',  this  normalization  Is  convenient  for  con- 
stant D and  variable  or  turbulence  strength.  The  opposite  extreme  Is  that  of  strong  turbulence 
and/or  a large  transmitter: 


0.551  kV  |U^| 
8z^ 


(8b) 


which  Is  obtained  from  a aeries  expansion  of 


In  Eq. 


(7). 


We  then  write  (7)  as 
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We  note  that  ''<  | | D Xk  /*  Transmitter  Power  Xk  p /z  , so  that  this  normalization  Is  con- 
venient for  turbulence  ° strength  constant  and  variable  D.  From  Eqs.  (8a,  8b),  we 

note  that 


(10a) 


It  will  be  useful  later  to  Introduce  a further  parameter  r^  (Fried,  D.L.,  1967;  Fried,  D.L.,  1966): 


r - 2.0986  p 
o o 


In  terms  of  which  Eq.  (10a)  may  be  rewritten 


4D 


(10b) 


Also,  in  order  to  compare  the  present  results  for  a gausslan  beam  taper  with  the  reciprocal,  heterodyne 
or  Imaging  case  In  the  literature  (Fried,  O.L.,  1967;  Fried,  D.L. , 1966),  It  Is  useful  to  define  an 
"effective  aperture"  (D  ^j)  which  can  be  compared  with  the  uniform  circular  case  treated  in  these  refer- 
ences. At  the  same  tlml,  the  effects  of  truncation  can  be  Introduced.  We  have  shown  (Kerr,  J.  R, , 1974) 
that  the  effective  diameter  of  a truncated  gausslan  beam  Is  given  by 


“eff 


4a 


(11) 


where 
“eff  ■ 


2 2 

n ~ (truncation  diameter)  /4a  . 
4a  ••  2D  and  Eq.  (10b)  becomes 


In  particular.  If  the  truncation  Is  negligible  (!!-*■“),  then 
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This  In  fact  Is  Che  significance  or  basic  definition  of  r , and  through  the  reasonings  of  reciprocity 
(Fried,  D.L.  and  Yura,  H.T. , 1972),  the  above  ratio  Is  alSo  applicable  to  the  resolution  of  imaging  sys- 
tems (Fried,  D.L.,  1966)  and  slgnal-to-nolse  ratio  of  heterodyne  receivers  (Fried,  D.L,,  1967). 

The  mean  Irradlance  as  given  In  Eqs.  (9a,  9b)  Is  shown  In  Fig,  1.  Also  shown  is  the  result  from 
Ref.  5 for  the  resolution  of  an  Imaging  system  with  uniform  (rather  than  gausalan)  aperture  weighting, 
with  the  abscissa  appropriately  adjusted  (D  - D . The  curve  Is  seen  to  differ  only  In  minor  detail 

from  that  for  the  gausslan  (transmitter)  aperture. 

The  above  discussion  was  limited  Co  a fixed  aperture,  which  corresponds  in  the  reciprocal  Imaging 
case  to  the  "long-term"  resolution.  We  are  also  interested  In  the  performance  of  a system  which  tracks 
a point  on  the  target  in  order  to  cancel  atmospherically  induced  wander;  this  corresponds  In  the  reciprocal 
case  to  the  "short-term"  Image  resolution  (Fried,  D.L.,  1966)  or  a "wavefront-tilt-tracking"  heterodyne 
receiver  (Fried,  D.L.,  1967).  This  problem  has  been  addressed  by  Fried  In  terms  of  the  "short-ter.^  MTF" 
for  a uniformly  weighted  aperture  (Fried,  D.L.,  1967;  Frted,^D.L.,  1966).  This  is  not  a true  MTF,  how- 
ever, in  that  It  is  dependent  upon  the  aperture  weighting,  and  It  has  been  misapplied  to  the  gausslan 
case  (Yura,  H.T.,  1973).  The  problem  has  also  been  created  by  Ron  (Kon,  A.  I.,  1970)  who  uses  an  expres- 
sion for  mean  Irradlance  which  Is  essentially  Identical  to  chat  of  the  Huygens-Fresnel  formulation,  and 
a straightforward  definition  of  the  beam  centroid.  However,  his  results  appear  to  contain  a serious  error 
In  the  niunerlcal  evaluation. 

In  the  absence  of  an  analytical  solution  for  the  gausslan-beam,  wander-tracked  case,  we  will  assume 
that  the  uniform-aperture  case  Created  by  Fried  does  not  differ  materially,  providing  a correction  Is 
made  for  the  effective  aperture  diameter.  This  Is  supported  below  In  the  discussions  of  the  phenomeno- 
logical model  and_the  experimental  data.  The  result,  shown  In  terms  of  the  ratio  of  mean  Irradlance  with 
wander-tracking  (I^)  to  that  with  a static  aperture.  Is  shown  In  Figure  2.  The  maximum  Improvement  with 
proper  aperture  size  control  Is  predicted  to  be  6.2  dB. 

The  first  moment  may  also  be  written  In  terms  of  a phenomenological  model,  wherein  we  represent  the 
total  mean-square  solid-angular  beamspread  as  consisting  of  terms  owing  to  free-space  diffraction 
t 'tl/k^D^  ],  turbulence-induced  wander  ( tD.(D)/k2D2  <v.  (Dl/3p  3/3^2)-!  ],  and  turbulence-induced  (Yura, 

H.T. , 1973)  beamspread  ( 'vl/k2  p 2 ).  By  * defining  these  mean-square  spreads  in  terms  of  their  effects 
on  moan  irradlance,  we  cvold  questions  of  alternative  angular  definitions.  Note  that  the  wander  as  here 
defined  Is  a totally  geometric-optics  or  refractive  mechanism. 

He  now  write  the  mean  Irradlance  (Eq.  7)  as 


(12a) 


where  the  constants  C. , remain  to  be  determined.  These  constants  will  be  simplified  If  we  cast  this 
equation  in  terms  of  ’ ’ (“2D)  and  r^: 
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From  free-space  beamwave  optics,  or  Eq.  (7)  with  p '*•»<,  we  know  that  C,  « C.  ' “ 1.  From  Eq.  (8b),  with 
p “ 0,  we  have  C,'  - 0.907,  C,  - 1.  ° ^ 

0 J J 

The  determination  of  C2'  or  Is  less  straightforward.  For  the  case  of  the  static  aperture,  we 
find  that  the  curve  of  Eq.  (12a)  with  C2'  ” C2  “ 0 is  practically  Indistinguishable  from  that  of  Eq.  (7) 
or  Figure  1.  This  suggests  that  the  wander  effect  Is  essentially  contained  In  the  l/k2p  2 term  of  Eq.  (12a). 
It  follows  that  for  the  wander-tracked  case,  the  appropriate  value  of  C2  will  be  negative.  In  order  to  sub- 
tract out  the  wander  effect.  Although  we  do  not  yet  have  a reliable  Huygens-Fresnel  result  for  the  gaus- 
slan-beam case,  as  Indicated  above  we  believe  that  the  uniform  aperture  results  will  be  substantially 
similar  (Fried,  D.L.,  1966). 


In  Figure  3,  w«  plot  the  analytical  reaulta  of  Ref.  S for  a uniform  aperture,  and  Xq.  (12e)  with 
C2'  ' >1.08.  (The  correapondlng  value  of  C,  in  Eq.  (12b)  la  -1.18.)  Thta  value  waa  choaen  ao  that  the 
maximum  irradlence  gain  over  that  for  a very  large  aperture  would  agree  with  the  analytical  reeult;  the 
predicted  Improvement  factor  for  target  irradiance  uaing  tracking  and  aperture  site  control  over  that  of 
a large,  static  aperture  la  3.4,  or  10.6  dB  in  receiver  photocurrent.  This  peak  occura  at  0/p^  ^ 4,  and 
aa  will  be  seen  below,  the  tracking  Improvement  in  irradiance  fading  is  also  optimised  for  3 ^ 0/p^  ^ 5 

To  summarise  this  section,  an  engineering  expression  for  the  mean  irradiance  as  a function  of  trans- 
mitter aperture  and  turbulence-induced  coherence  scale  can  be  written  from  Eq.  (12b)  as 
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(13) 


where  C • 0 for  a static  aperture  and  -1.18  for  a wander-tracking  aperture.  The  asymptotic  breakpoint 
between  free-space  diffraction  and  turbulence-induced  beamspread  occurs  at  - r^  and  wander  predomi- 
nates for  BQ^Bvhat  greater  than  unity.  The  parameter  is  the  physical  aperture  diameter  in 

the  case  of  uniform  illumination,  and  is  equal  to  4a  for  a gausslan  beam  profile. 

2.2  Second  Moment  or  Irradiance  Fluctuations  (Fading) 

The  problem  of  the  second  moment  of  irradiance  Is  considerably  more  difficult.  In  the  Huygens 
Fresnel  formulation,  this  Involves  an  eight-fold  Integral  (Fried,  D.L.,  1967;  Yura,  H.T.,  1972).  Fried's 
earlier  analysis  (Fried.  D.L.  1967)  of  "atmospheric  modulation  noise"  in  a heterodyne  receiver  which  by 
reciprocity  represents  the  same  problem  as  considered  here,  contains  serious  Inaccuracies  owing  to  approxl 
nations  used.  Interesting  work  on  this  problem  was  recently  reported  by  Banakh,  et  al  (Banakh,  V.  A., 
1974),  Using  the  assumptions  that  the  atmospheric  perturbation  of  the  propagation  Green's  function  Is 
essentially  a phase  effect,  and  that  the  phase  distribution  Is  gausslan,  they  reduced  the  problem  to  a 
six-fold  integral  which  they  then  evaluated  using  Monte  Carlo  techniques,  The  result  appears  qualita- 
tively correct,  and  will  be  seen  below  to  agree  in  general  with  our  phenomenological  description.  It 
does  however  predict  that  (D/Pq)  Is  the  only  pertinent  Independent  variable,  while  we  believe  the  Fresnel 
number  to  be  pertinent  in  certain  parameter  realms;  this  latter  dependence  is  lost  through  the  phase-only 
assumption  In  the  Green's  function.  As  a further  consequence  of  the  approximations  used,  the  expression 
(17)  In  that  paper  for  the  mean  irradiance  is  Incorrect. 

We  show  now  that  a phenomenological  approach  can  yield  very  useful  results.  To  accomplish  this,  we 
separate  the  fading  mechanisms  Into  (1)  wander,  (2)  first-order  scintillation,  and  (3)  coherent  fading. 

Using  a development  from  Tltterton  (Tltterton,  F.J.,  1973),  we  write  ''.he  normalized  irradiance  vari- 
ance due  to  wander  as 
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°I 

wander 


.^iL 

4-(r-H 


(14) 


where  y Is  defined  as  the  ratio  of  the  mean-square  wander  angle  to  the  short-term  beamspread  angle. 
Using  the  earlier  C2  term  (Eq.  12a)  for  wander  angle,  this  becomes 


2 2 
k^D^ 
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(15) 


We  insert  this  expression  into  Eq.  (14)  and  obtain  a result  for  wander-induced  variance  as  a function  of 
(D/p  ).  The  general  behavior  can  be  seen  by  approximating  the  function  In  terms  of  four  log-linear 
realms  as  shown  in  Figure  4.  The  breakpoints  occur  at  values  of  D/p^  on  the  order  of  1/2,  1,  and  100, 
with  a maximum  value  of  0^  somewhat  greater  than  unity. 

^wander 
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By  "flrst~order  scintillation",  wa  naan  that  i^lch  would  be  predicted  for  a focused  transmitter  by 
the  Rytov  Approach  (Ishlmaru,  A.,  1969;  Fried,  D.L.  and  Schaeltzer,  R.A.,  1967;  Kerr,  J.  R.  and  Elsa,  R., 
1972;  Kerr,  J.  R.  and  Dunphy,  J.  R. , 1973),  Thla  Includes  the  "transmltter-snoothlng  of  sclntlllatlonB", 
For  this  to  occur,  the  target  (or  at  least  the  turbulence  (Kerr,  J.  R.  and  Dunphy,  J.R.,  1973))  must  be 
In  the  transmitter  near  field,  and  D must  be  smaller  than  p^.  Hence  the  applicable  Inequality  la 

> D > /z7k 

The  requirement  that  p be  greater  than  /z/k  is  dimensionally  equivalent  to  requiring  that  scintillations 
from  a point  source  be°  "unsaturated"  (Lawrence,  R.S.  and  Strohbehn,  J.W. , 1970). 

The  customary  way  to  write  this  fading  term  (Fried,  D.L.,  1967)  Is 


scintillation 

2 

where  It  Is  assumed  that  these  fluctuations  are  log  normal,  and  o Is  the  log  amplitude  variance  for  a 
point  source  (Lawrence,  R.  S.  and  Strohbehn,  J,W.,  1970);  * 

o'  - 0.124  C ' k'/® 

X n 


The  smoothing  factor  6 la  a function  of  the  Fresnel  number,  so  that  this  fading  mechanism  la  not  a 
universal  function  of  D/p  . For  large  Fresnel  numbers,  $ is  proportional  (Kerr,  J.R.  and  Else,  R, , 1972) 
to  D~7/3,  Also,  If  we  asSume  significant  smoothing  such  chat  8o^  <<  1,  we  can  write  Eq,  (16)  as 


» 0.912  6 


scintillation 


[?r 


Coherent  fading  or  beam-breakup  scintillation  corresponds  in  a reciprocal  heterodyne  receiver  to 
"atmospheric  modulation  noise"  (Fried,  D.L. , 1967),  and  predominates  for  D > p^,  l.e.,  the  realm  of  turbu- 
lence-induced beamspread.  The  correct  form  for  this  fading  term  Is  not  known,  but  we  expect  It  to  be  an 
Increasing  and  nearly  universal  function  of  D/p  . However,  contrary  to  an  earlier  approximate  analysis 
(Fried,  D.L.,  1967)  It  does  not  Increase  without  limit  (Banakh,  V,  A.,  1974). 

2 2 

Brown  has  shown  thot,  for  N " D /p  (»1)  oscillators  having  identical  frequencies  but  Independent 
mutual  phases,  the  normalized  variance  is 


I ~ 1 - 

coherent  fading 


(t  ” 0 


where  cr^  represents  the  fading  of  an  Individual  oscillators  This  model  describes  the  present  case  of 
D^/Pq^  Independent  coherence  areas  effectively  making  up  the  transmitter  aperture,  and  the  variance 
approaches  unity  for  large  (D/p  ),  The  function  is  again  not  universally  dependent  on  D/Pq,  and  for 
p2  <<  1 , may  be  written 


p2  . 1 + ‘'K 

coherent  fading  _2  * ^ 

Vp,  V Po 

The  general  behavior  is  shown  in  Figure  5.  Also,  an  analytical  proof  of  the  unity  asymptote  for  large 
(D/p^)  is  given  in  Appendix  A. 

2 

We  may  combine  the  three  fading  mechanisms  as  shown  In  Figure  6,  where  it  Is  assumed  that  ol  and 
p / /z/k  have  been  specified.  Alternatively,  we  may  specify  the  Fresnel  number  and  vary  the  turbulence 
strength,  resulting  In  the  curve  shown  in  Figure  7.  The  latter  curve,  Including  wander  effects-is  in 
general  agreement  with  the  recent  Russian  result  (Banakh,  V.A. , 1974). 

The  predicted  behavior  with  wander  tracking  is  readily  determined  by  dropping  the  contribution  from 
that  mechanism.  It  Is  apparent  ':hat  a slp.nlf leant  reduction  in  fading  can  be  achieved  through  the  can- 
cellation of  wander  and  the  control  of  aperture  site;  the  optimum  aperture  is  essentially  that  which  max- 
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imlzes  the  mean  Irradlance  In  the  presence  of  tracking,  and  too  large  an  aperture  can  have  significantly 
deleterious  effects  on  fading  performance. 

Finally,  we  point  out  that  the  predicted  reduction  In  scintillations  as  compared  to  those  from  a 
point  source  (Figure  6),  l.e.  with  wander  tracking,  may  be  difficult  to  realize  In  practice.  This  realm 
will  only  clearly  exist  when  p » /z/k  (or  « 1),  so  that  scintillations  are  weak  In  general.  More 
Importantly,  the  requirements  on  accuracy  of  focus  and  high-quality  optics  are  quite  severe  (Kerr,  J.A. 
am.  Dunphy,  J.  R. , 1973);  a very  small  wavefront  distortion  will  destroy  the  predicted  smoothing, 

2.3  Other  Considerations 

The  preceding  discussion  has  been  explicitly  concerned  with  the  case  of  a focused  beam  over  a hori- 
zontal path.  For  the  case  of  a general  turbulence  profile  over  the  path,  the  coherence  parameter  Is  given 
as  an  Integration  over  the  reciprocal  path  by  Eq.  (6) . All  phenomenological  expressions  above  which  are 
universal  functions  of  D/p^  are  thus  Inraedlately  applicable  to  the  general  path.  First-order  scintillations 
and  coherent  fading  depend  also  on  ^ point  source,  likewise  determined  over  the  reciprocal  path. 

The  degrading  effect  of  a given  level  of  turbulence  on  transmitter  coherence  is  most  heavily  weighted 
towards  the  transmitter  end,  so  that  an  upllnkbeam  tends  to  be  Incoherent  or  broken  up  while  u downlink 
beim  remains  Intact.  The  transmitter  smoothing  of  scintillations  for  a collimated  upllnkbeam  has  been 
cc.isldered  In  Ref.  13. 

For  the  non-focuaed  case,  we  return  to  Eq.  (3)  and  define  a generalized  beam  parameter: 


The  dcfocuslng  ttfrm  will  reduce  and  wholly  determine  a*  unless  a precise  focus  adjustment  (z  a f)  is 
used.  In  any  event,  if  p >>  a',  the  beam  term  predominates  in  Eq,  (3);  this  will  apply  to  a downlink  in 
particular.  If  p <<  a',°the  atmospheric  term  predominates  regaraless  of  (reasonable)  beam  adjustment; 
this  applies  to  e°large-aperture  uplink.  In  general,  once  a'  Is  determined  from  Eq,  (19)  and  p Is  known, 
the  mean  Irradlanc'  Is  determined  from  the  same  curve  as  In  the  horizontal,  focused  case. 

For  the  wander-trccked  case,  there  will  appear  an  optical-system-dependent  correction  to  the  atmos- 
pheric term  in  Eq.  (3).  Tills  will  be  significant  only  for  s'  on  the  order  of  p , which  can  apply  for  an 
upllnkbeam  having  a limited  aperture  size, 

He  have  so  far  In  this  discussion  neglected  effects  relating  to  the  limitation  on  the  extent  ot  the 
Inertial  subrange  of  turbulence  (Lawrence,  R.S  and  Strohbehn,  J.W. , 1970).  Lutomirskl  and  Yura  have 
considered  the  effects  of  the  outer  scale  (Lutomirskl,  R.  F.  and  Yura,  11, T,  19/1;  Yura,  H.T.  ,1973)  and 
in  parti  u'  r they  derived  first-order  corrections  to  such  quantities  as  turbulence-induced  beamspread 
and  coh.-'  ..a  scale  p , where  corrections"  refer  to  the  use  of  the  modified  von  Karmann  in  place  of  the 
(nofttruncated)  Kolmogorov  sfactrum  (Lutomirskl,  R.F.  and  Yura,  H.T. , 1971).  The  correctio-s  are  such  as 
to  Increase  p , since  the  von  Karmann  spectrum  has  less  energy  at  low  wavenumbers  than  does  the  Kolmogorov. 
As  discussed  below,  our  data  (and  those  of  others)  Indicate  a larger  component  of  wander  than  predicted 
by  our  expressions,  especially  at  large  values  of  D/Pq>  and  this  is  thought  to  be  related  to  large  scale 
bending  of  the  (broken-up)  beam.  This  suggests  that  there  Is  more  energy  In  certain  (anlsot .opic)  turbu- 
Ib  scales  than  any  of  the  spectral  models  predict.  There  Is  clearly  a need  for  further  analytical 
exp  flmentatlon  on  the  problem  of  outer-scale  effects,  which  will  be  important  tor  Infrared  systems  oper- 
ating over  reasonable  pathlengths. 

Inner-scale  effects  can  be  incorporated  through  appropriate  modifications  of  the  atmospheric  MTF  or 
structure  function  (Lawrence,  R.G.,  and  St::ohbehn,  J.W,,  1970).  'Infortunately,  with  the  use  of  such 
expressions,  there  has  been  a tendency  in  the  literature  to  physically  confuse  angular  beamsj -ead 
i...  I'lgnlsms.  We  emphacize  that  wander  Is  the  wavelength-independent,  geometrical-optics  phenomenon,  and 
WH  suggest  that  there  is  little  practical  significance  to  inner-scale  effects  in  most  situations  Involving 
well-developed  turbulence, 

3.  CIRERIMENTAL  RESULTS 

In  this  section  we  present  results  of  systematic  experiments  with  a large,  focused,  wander-tracking 
c ansmxtte-  over  a homogeneous,  horizontal  path.  A preliminary  report  of  thif  work  has  been  previously 
puhllohrJ  (Dun-;,'.y,  J.  R.  and  Kerr,  J.  R.,  197A).  The  tracker  locks  onto  a poli.t-source  beacon  on  the  tar- 
get which  Is  coincident  with  a snail  detector  for  irradlance  measurements.  Although  the  tracker  utilizes 
a ti  o-dlmnnsionul  sgn  x function  rather  than  a true  centroid,  the  experimental  discrepancy  Is  noc  expected 
to  be  significant 

The  experimental  parameters  and  data  collected  are  summarized  in  Table  I.  Current  efforts  are  under- 
way at  other  pat.ilengths  and  wavelengths,  Including  the  realm  of  small  D/p  . 

0 

TABLE  I 


Experimental  Parameters  ar ' Data  Collected 

9 

Transmitter  and  beacon  wavelenp'chs : 6328  A 

Transmitter  Power:  75  mW 

Path’.ength  and  Height:  1.6  kin,  1.8  m 

Tracker  Servo  Resonance;  300  Hz  (galvonometer-sconners  servoed  to  quadrant  pnotodeiectoi) 
iransm.itter  Diameter:  15  cm  (spatially-filtered,  dlf fraction-limited,  truncated  gausslan) 

Determination  of  p : mlcrothermal  measurement  of  C ^ 

Uean-lrradlance  averaging  time:  100  sec 
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Variance  averaging  time:  10  sec  on  300  sec  data  records 

Target  receiver  bandwidth:  1 kHz 

Data  from  tracker  (transmitter):  real-time  wander  signals  (servo  Inputs) 

Data  from  target  (receiver)  end;  real-time  linear  and  log  Irradlance  signals,  mean  Irradlance 

Computation  of  variances,  probability  distributions,  spectra;  digital  from  FM  tape  recordings 
of  real-time  signals 


3.1  Irradlance  Signals 


The  on-axls  target  Irradlance  vs.  time,  with  and  without  wander-tracking.  Is  shown  for  the  weak 
turbulence  case  (D/p  * 1)  In  Figure  8a,  and  the  corresponding  log  Irradlance  In  Figure  8b.  The  low- 
frequency  nature  of  the  wander-component  of  the  fluctuations  Is  evident.  A longer-term  record  with 

some  smoothing  Is  shown  In  Figure  9a  for  (D/p  * 1)  and  Figure  9b  for  (D/p  >>  1).  It  Is  apparent  that, 
in  the  latter  or  hlgh-turbulence  case,  the  advantage  of  tracking  Is  primarily  limited  to  the  longer-term 
refractive  wander. 


3.2  Mean  Irradlance 


The  roean-on-axls  Irradlance  for  the  non-tracked  and  tracked  cases  Is  shown  In  Figure  10,  along  with 
the  theoretical  predictions  given  above.  These  values  were  corrected  for  transmitter  output-power  varia- 
tions, and  the  abscissa  has  been  corrected  for  truncation  effects.  Sl^ce  the  aperture  D was  fixed,  che 
appropriate  theoretical  curves  for  comparison  are  those  normalize^  by  Ip.  Since  small  values  of 
could  not  be  achieved  over  this  path  with  reas£nable  turbulence.  Ip  is  not  accurately  knoim.  However, 
from  Figure  3,  we  may  expect  that  the  largest  I.^,  at  small  (D/p  ) Is  approximately  equal  to  1^,  and  this 
normalization  la  used  in  fitting  the  ordinate  to  the  data.  A portion  of  the  non-tracking  data  points  may 
be  depressed  somewhat  owing  to  longer-term  refractive  effects  showing  up  during  a single  averaging  period. 

Tne  p dependence  of  I for  Increasing  (D/p  ) l8_generally  borne  out.  For  lov/er  str.2ngtns  of  turbu- 
lence, the  dependence  of  Instantaneous  beam  spread  ('vl  “1)  has  been  empirically  stated  (Dowling.J.A.and  Liv 
lngstor.,P.M. ,1973)  to  be  'v  ” C 0.8520.62(^0.65;  find^a  correlation  coefficient  of  0.89  for  Y < 10,  thus 
corroborating  that  observation.  For  y > 10,  the  correlation  coefficient  la  6.£x  10"^,  but  v<a  expect  an 
approach  to  (p  2)  dependence  in  that  regime.  The  correlation  coefficient  for  I 'v  p ^ is  0.59  for 
D/p^  > 10.  ° ° 

In  Figure  11,  we  show  the  ratio  (Tj./I)  vs.  (D/p^).  The  theoretical  curve  Is  trom  Figure  2 for  a uni- 
form aperture. 

3.3  Fluctuations  in  Irradlance 


The  normalized  variance  of  Irradlance,  with  and  without  tracking.  Is  shown  vs.  (D/p  ) In  Figure  12. 
These  results  compare  well  with  the  curves  of  Figure  7,  which  are  shown  again,  fur  comparison  with  the 
nor.-tracked  case,  we  also  show  the  curve  from  Ref.  1,  For  the  tracked  case,  the  as^miptote  Is  seen  to  be 

unity  as  expected;  this  would  also  be  true  for  the  non-tracked  case  at  sufficiently  l;rge 

The  ratios  of  the  corresponding  tracked  and  non-tracked  variances  of  Figure  12  are  shown  In  Figure  13. 
The  advantage  remains  substantial  for  D/p  >>  1,  which  suggests  large-scale  wander  effects  greater  than 
are  Included  In  the  theory.  It  may  be  pointed  out  that  the  reduction  in  variance  for  the  tracking  case 
Is  ORich  more  substantial  If  the  target  signal  is  low-pass  filtered  (Dunphy,  J.R.  and  Kerr,  J.R. , 1974), 
or  if  a larger  target-receiver  aperture  is  used. 


If  we  process  the  fading  signal  directly  for  the  log  amplitude,  rather  than  the  linear  Irradlcnce, 
and  then  replot  the  abscissa  in  terms  of  the  Rytov  log-amplitude  variance  (o^  ) for  a point  source,  we 
obtain  the  data  of  Figure  14.  In  this  graph.  D/p  « 1 corresponds  to  3.7  x 10~3,  and  for  values 

substantially  larger  than  this  we  expect  log  normality  and  a simple  relationship  between  the 

ordinates  of  Figures  12  and  14  (l.e. , Eq.  16  with  6 • 1) . In  particular,  the  asymptote  o2  ■ 1 corres- 
ponds to  o^  • 0.17.  It  is  Interesting  to  note  that  for  the  non-tracked  case,  which  Is  not  log-norm.sl 
at  Email  E values  of  the  abscissa  where  wander  predominates,  the  value  of  is  more  or  less  constant 

regardless  of  the  turbulence  level.  In  such  a case,  the  statistics  vary  with  turbulence  strength  but 


the  degree  of  (log)  facing  does  not.  This  Is  probably  a better  Indication  of  dyi:!amlc  range-  than  Is  o2 
since  the  latter  parameter  Is  Insensitive  to  deep  fades  for  log-normal-llks  fluctuat-'.ons. 


I’ 


Typical  probability  distributions  for  log  Irradlance  are  shown  In  Figure  15a  for  the  tracking  and 
non-tracking  cases  In  weak  turbulence  (D/p  ~ 1).  The  residual  non-log-normallty  In  the  tracking  case 
Is  related  to  the  details  of  fading  for  an'^approxlmately-dlf fraction-limited  focal  spot.  The  curve  for 
the  non-tracklrg  case  remains  to  be  Interpreted  In  terms  of  the  statistics  of  vander-fad.lng  (Tittertor., 
P.J.,  1973).  For  strong  turbulence  (D/p  > 100),  nearly-log-normal  distributions  are  observed,  especially 
with  wander-tracking  (Figure  15b). 


The  spectra  of  the  log  fading  slgi.al  for  weak  turbulence  (D/p  ss  1)  are  shewn  In  Figure  16a,  for  the 
tracking  and  non-tracking  cases.  The  significant  spectral  components  are  below  e.g.,  10  Hz,  and  are 
sharply  reduced  by  tracking.  Indicating  the  Influence  of  wander,  Xt  Is  luterestliig  to  note  that  at  some 
low  (f ractional-Hz)  frequency,  there  is  an  apparent  peak  In  the  non-tracked  spectrum,  coincident  with  a 
dip  In  the  tracked  spectrum.  This  feature  was  often  noted,  and  Is  related  to  a peak  In  the  spectrum 
relating  to  wander  alone.  The  log  fading  spectra  for  strong  turbulence  (D/p  a IQO)  la  shown  Ui  Figure 
16b;  as  beam  breakup  becomes  more  severe,  so  that  scintillations  predominate  over  wander,  there  Is  a 
tendency  for  the  spectra  of  the  tracked  and  non-t:;ucked  cases  to  cross-over  at  higher  frequencies;  this 
may  result  from  tracknir  response  2o  beam-break-up  scintillations  and  lack  of  good  correspondence  between 
the  beacon  image  at  the  tracker  and  the  actual  distribution  of  energy  at  the  target. 
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3.4  Wander  Characteristics 

The  control  signal  In  the  wander-tracking  system  Is  an  af  alcb  .('V,''  iieaw  wander.  An  example  of  a 
real-time  horizontal  wander  signal  Is  shown  in  Figure  17a.  It,  sons'  . - <vtni«r  is  strongly  aniso- 
tropic, which  can  be  a manifestation  of  both  slow  vertical  refractive  of  large-scale  (larger 

than  outer  scale)  turbulence  anisotropies.  An  extreme  example  of  the  is  in  Figure  17b, 

which  is  from  the  same  data  run  as  Figure  17a.  This  extreme  is  typical  cC  nlg'.tc-time  operation,  but  was 
observed  to  a much  lesser  extent  in  some  of  the  daytime  runs  which  comprise  most  of  the  data  of  this  paper. 
More  typically,  the  rms  vertical  wander  over  a short  period  of  tine  was  less  chan  the  horizontal  value, 
which  is  probably  related  to  the  anisotropy  of  turbulence  at  larger  scales. 


A quantitative  distinction  between  the  two  vertical  beam-b'..idlng  mechanisms,  l.e.,  turbulence  and 
slow  refraction,  can  be  made  using  Che  probability  distributions  of  the  wander  signal.  In  Figure  18a  we 
show  the  distribution  for  the  horizontal  signal  of  Figure  17a,  with  equivalent  high-pass  filtering  at 
four  different  cut-off  frequencies.  The  distributions  are  gausslan,  with  coefficients  of  skewness  and 
kurtosls  for  the  100  sec~^  case  of  3.6  x 10~^  and  3.1  respectively.  In  Figure  18b,  we  show  the  distribu- 
tions for  the  vertical  signal  of  Figure  17b,  where  the  non-gausslan  nature  Is  quite  apparent. 

A suimary  of  the  characteristics  of  the  wander  signals,  averaged  over  a number  of  runs,  is  shown  in 
Table  II.  The  ratio  of  average  horizontal /vertical  (rms)  wander  angles  Is  1.6.  The  correlation  coeffi- 
cient refers  to  the  basic  theoretical  prediction  (wander  term  of  Eq.  12),  namely  that  the  mean-square 
wander  angle  is  proportional  to  Cg^.  In  spite  of  the  Influence  of  slow  refractive  effects,  the  vertical 
wander  exhibits  much  less  bias  than  does  the  horizontal.  This  may  be  due  to  variable-wind  effects,  which 
influence  the  horizontal  case  only. 


The  average  two-dimensional  mean-square  wander  angle,  for  the  runs  included  in  this  paper,  implies  a 
value  of  1 02*1  of  1.16,  which  is  nearly  equal  to  that  deduced  in  the  phenomenological  discussion  above. 


TABLE  II 

of  Beam  Wander  Slgna*  s 


Average  Characteristics 
Skewness 

Vertical  2.0  x lO"^ 

Horizontal  2.3  x 10“^ 

Total 


Correlation  Coefficient 
(Experiment  vs . Theory) 

0.90 

2.89  0.36 

0.97 


Kurtosls 

2.76 


The  power  spectrum  and  frequency-weighted  spectrum  of  the  wander  signal  of  Figure  17a  are  shown  in 
Figure  19a.  The  theoretical  phase-difference  spectrum,  which  is  closely  related,  is  predicted  to  fall 
off  with  an  exponent  of  (-2/3,  -8/3)  for  frequencies  above  breakpoints  (fj  2)  respectively: 

X v^  /outerscjle 

f2  « /D  (20) 

where  v^  is  the  perpendicular  component  of  wind  velocity.  For  frequencies  below  f^,  the  behavior  lo  very 
sensitive  to  the  detailed  behavior  of  the  wind.  Since  this  was  a low  wind  case,  we  expect  a log-log 
slope  of  -8/3;  the  actual  slope  was  -2.78  with  a correlation  coefficient  of  0,98.  In  Figure  19b,  hori- 
zontal and  vertical  spectra  are  shown  for  a hlgi^er  (horizontal)  wind.  The  horizontal  f.  is  4 Hz,  and  the 
-2/3  slope  is  well  supported.  Tne  vertical  case  shows  a greater  slope,  and  we  note  that  f2  for  the  verti- 
cal wind  is  approximately  zero  near  the  ground.  In  other  cases,  such  as  shovTn  in  Figure  19c,  both  the 
horizontal  and  vertical  spectra  fall  between  the  two  theoretical  slopes. 

3.5  Transmitter  Focus  Effects 

As  discussed  in  a preceding  section,  the  first-order  theory  predicts  that  a focused,  near-field  trans- 
mitter with  wander  cancellation  will  result  in  the  smoothing  c scintillations.  It  is  now  understood  that 
this  effect,  if  it  occurs,  can  only  be  realized  for  the  condition  D/p^  <1,  As  a follow-ap  to  our  work 
as  reported  in  Ref.  13,  where  qualitative  evidence  of  such  smoothing  was  seen,  we  are  conducting  experi- 
ments on  the  (wander-tracked)  signal  fading  vs.  transmitter  focus  adjustment.  As  discussed  in  that 
reference,  the  smoothing  effect  is  expected  to  be  very  critically  dependent  upon  focus  adjustment. 

Attempts  to  observe  this  effect  are  shown  in  Figures  20  a,b,c.  The  parameter  U2^  simply  z/R, 
where  R is  the  radius  of  curvature  of  the  transmitter  wavefront.  As  D/pg  approaches  unity,  the  pre- 
dicted effect  18  observed,  including  the  large  Increase  in  scintillations  v th  slli,ht  misadjustments. 

Current  work  involves  much  lower  values  of  D/pg,  where  we  hope  to  observe  values  substantially 

under  those  for  a point  source  on  the  same  path,  Tlie  point  source  scintillations  are  necessarily 

quite  low  under  these  conditions,  and  any  residual  fading  due  to  e.g,  tracker  error  or  Jitter  will  be 
quite  important.  However,  the  tracker  resolution  Is  0.02  x the  diffraction  limit,  and  we  hope  to  see 
substantial  smoothing.  Tills  effect  has  important  practical  implications  for  uplinkbeams,  especially  at 
longer  wavelengths  (Ishlmail,  A.,  1969;  Fried,  D.L.  and  Schmeltzer,  F..A.,  1967;  Kerr,  J.  R.  and  Elsa,  R. , 
1972;  Kerr,  J.R.  and  Dunphy,  J.R.,  1973). 


I Hill  I 


20-10 


APPENDIX  A.  LIMIT  OF  IRRADIANCE  AT  LARGE  VALUES  OF  D/p 

o 

It  was  pointed  out  above  that  both  the  phenooeno log leal  model  and  experimental  data  suggest  that  the 
normalized  Irradlance  variance  with  a transmitter  aperture  much  larger  than  the  coherence  scale  must 
approach  unity.  Through  reciprocity,  this  would  also  be  true  of  a large  heterodyne  receiver.  Although 
this  seems  to  be  clearly  necessary  physically.  It  disagrees  with  earlier  approximate  analyses  of  hetero- 
dyne systems  (Fried,  D.L. , 1967).  The  purpose  of  this  Appendix  is  to  derive  this  limit  directly  from  the 
Huygens-Fresnel  expression  for  the  second  moment  of  Irradlance  (fourth  moment  of  amplitude) . 

The  relevant  Huygens-Fresnel  expression  Is  given  In  Ref.  22.  For  a nor.truncnted  gausslan  beam,  this 
may  be  readily  reduced  to  the  eight-fold  Integral: 


d-*-  d-»-  d-^  exp  < - 
P2  P3  P4  ) 


2^  2 2.  2 
“l  ■*^2  ^3 


exp 


■i°tT 


j5/3  . i'^'  }5/3  *♦'  i5/3 

' + IP3-P4I  + 1P1-P4I 


4.  I-*  |5/3 

+ |p2"P3l 


~ dpj^“p3l)  + (|p2“P4l)|  (A- 


where  D is  the  — Irradlance  diameter,  p is  the  I*"  difference-vector  In  the  transmitter  plane,  and  Is 
the  log°amplltudS  covariance  function.  It  may  be  shown  from  physical  reasoning,  or  from  tedious  but 
straightforward  analytical  calculations,  that  the  covariance  functions  may  be  dropped*  when  we  consider 
the  limit  D /p 

* ° D 

We  let  X “ p/D  , 0 • , and  write  (A.l)  as 

* PQ 

“ (21a)  j-  (’‘i^+*2^-^*3X^)|«pj  - 


j.  |5/3  . |5/3  . I"*'  |5/3  !-►  ■*  |5/3  .-*■  .5/3')l 

+ l’'3-*4l  1*1 -’‘4I  + l*2"*3l  " ■ l*r*3l  Jl 


(A. 2) 


We  now  write 


i.e. 


where  we  note  that  this  satisfies  the  properties  of  a delta  function; 


(A.  3) 


lim  exp  |Xj^-Xj ] + |xj^-x^ |^'^^j|-6/5iTr  (6/5)(o)  ^ exp  |-(o)^'^^  |xj^-x^l^^^|  ddxj^-x^j) 

+ 6/5^1  (6/5)10)“^  exp  |-(a.-^^^  jxj^-x^l^^^  | ddx^^-x^d 

«dx^-X2l)  - 11m  5/6  VrXe/S)  I" 


(A. A) 


I 6dx.-x,|)  dx,  “ 1 ; ^115  {(Ixj-x^l)  - lim  5/6  -tttt 

J *l'^2  ' 


(6/5; 


*lt  may  also  be  shown  that  this  Is  equivalent  to  dropping  the  amplitude  term  In  the  perturbation  Green's 
function,  as  done  In  Ref.  1.  In  the  latter  effort,  the  phase  perturbation  was  assumed  to  be  gausslan, 
and  the  problem  under  discussion  here  was  reduced  to  a six-fold  Integral  for  numerical  evaluation.  Al- 
though the  results  In  the  limit  of  large  Dg/p  agree  with  those  presented  here.  It  may  be  demonstrated 
that  the  dropping  of  the  amplitude  term  results  in  Inaccuracies  at  smaller  values  of  D /p  . 
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SdXj^-XjD 


5'®  rntZsT  “p  1 ■ I ■ ° 


"*■  \J± 

*>2 

Using  (A. 3)  with  (A. 2),  ws  have 

4 


<I^>  - (^)  III  d^2'*V*4  **P  j^_(„,5/3 

+ JII  dxjdXjd*^  axp  |^-(x2-Htj+2x^)j  exp  j^-(o)^^^  ^*2"*3^^^^]  | 

Iterating  this  procedure  for  the  tern  In  each  of  the  integranda  of  the  fom  exp|-(a)^^^|Xj^-Xj  “) 

6/5xr(6/5)o~^  S(|xj^-Xj|)  results  In 


11m  ^I^^  « 

a no 

(^)[ 

(6/5)  — ill  *^2^*4 

^-2(x2+x^)]  +11  *“P 

(A.  6) 

lltt  * 

(^)‘ 

(3/5)2  .0379  ( 

4 

u>A 

a-H» 

OL 

similarly,  we 

may  write 

lln 

a-*« 


dXj^dXj 


exp  - 


exp 


Using  the  delta  function,  this  becones 

»■<■>■(  rf)'  <«»  ^ - ( &/■='»  “P 

a-«  a J 


<A.8) 


(A.  9) 


Finally,  we  write  from  (A, 7)  and  (A. 9) 


,,  2 
lln  Oj. 

a-K* 


d>  - 


This  Is  the  desired  result. 
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with  and  without  wander  tracking  (lower  and  upper  curves  respectively) , 


Fig. 12  NoKMlliad  irra<lUoc«  v«rtanc«  with  (•)  sad  without  (*)  tracking,  va.  D/p  . Tha  thaoratlcal  curves 
ara  fro«  Flguro  7 ( ) and  Ref.  1 ( ).  ® 


iiMii888S8SSSSSSS8SSS3iwBWWBBW»ww«»MWM»»»OlMW*M 

■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■a 

■■■■■■■BBBBBBBBBBBHBBBBBBBBBBBBBBBBBBM|HaBBBBBBBBBnBHBBBBaBBBaBBBBBB 

BBBBaaBBaaaBaBBaBaBBBiBBBaBBBBaBaaBaaiEaiBaaBaBBaaaaBBBaaBaaaaBBaBaBaa 

888888r888888888888S8S888888S8888888888S888888888888888S88»S8888888S8 

..8i...  ..Bi,BiBB!fifiBBBi-BBB»-is»Bs::88888;8888888888B888r»»»»» 


BBBBBI 

— laiipi 
I II II I 
I rr  I",  r 


BBriIBBBB  I' 
BBI  I IBBBB I 
|BI  IIIIBB 

II  II  B 
'I  B 

I 


B> iBBBll  BBBB IBlBBBlBBBaBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
II  ’BBBfll  BBflBIBBBBPIBBBBBBaBB  lanBBlIBBBBBBBBBBBBBrrflU  IBB 


I'll 


ir  III 

III  III 
. I JLl  III 
I I 'I  I BB  JBI 


I 


I 


IB  M fll 

IBM  flBBB 

IB' I 1HBI 
1 I II'  I I 
I ■ 


laam 

irar 


II  I 


BBBBBBBBB 

Bi  f II'  Bir 
B«  I ■ 1 ~ ~ 


'B'  IBI I IBBBBBBBBBI IBBBI I Bll  I IB 

1 IBP  I IBBi  IBI  111  BI  1 1 1BBf  ■ ' |l  I ' ir 


I 


r ■! 


I 


If 


'IBBI  I 


I 


I I 
I'l  I 
ililJ 


I I 
I 


. I • 
mil 
IBBLi  » 


I 


I li  I 

lIM  IBI 

IBI  I i IBJI  . . I 

IBII  IB  1 IBBBI  I IJUI 

. lIBU  iBJI  JBBBBI  BBB II  ^ 

rUiBBHB^BBBIBBBBBBBlBfBIIIJUBBa  iJBBIIl  i 

llUBBBflBBiBBBJBBBBiBBBBBBIIIBliBBfl)  BBBIII  I lUI  IIIIBB.BBB.  Ill  II  iJBBBBBI IBBBBBBBBBBBB 
MBBBBBBBBBBBBBBBBBBBBBBBBI IBI IBBBUBBBI II iHI  IBJI IBBBBBI  IBBI  IBBBBBBBBBBBBBBBBBBB 

iBir 


p 

III 
1 Bll  J I 

IBI  I ' 

LI  i.BBUB 
II  Ml  I 


'I 


I' 

' ' 1 .1 

b'  j • li  I 

. lUli  I 

I III  IBB  I 
Jt  1 1 li  iBBI  BBB  I 
LiBWIlIBBBBBBBJ 
IBBBBBr“ 


III 


BBaBBaBBBBBBlBBBBBBBBBBflBBBBaBBiiBBBBBBaBBBBBBBBBBBBBBiBBBBBBBBBBBBBBB 
BBBBBBBBBBBBiEBaBBBBaBaBBBBBBBBlBBBiBBBBBaBBBBBBBBBBBBBBaBBBBBBlBBBBBB 
BaBBaBBBBBBaaaaBBaaaBBaBBBBBBBBiBBBBBBBBBiiBBBBBBBaBBBBBaBBif BBBBBBBBB 
BBBBBBBaaBaBBBBBBBBBBBBBBBBBIBBBBBaBBBBBBBBBBBBBBBBaBBBBBBBBBBBiBBBBBBB 
BBBBaBBBBBBBBaBBBBBBBBBBaaBBBBBBBBBBBBIBBaBBflBBBaBaBBBBBaBBBBaaBBBBBBB 


irBaaBaBaBBaaaaBBaEaBaaaBBaBBaaaBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBaBBB 
1 1 r BBBBBaBBBBBBBBBiBBBaaBBBBaaBBBaBBBBiBBaBBBBBBBBBBBBBBBBaBBBBBBBBBaBa 
I I I fBBBBBBBBaBBBBBBBBBBBaBBaaBBBBBBBBBBBflBBBBBBBBBBBaBBOBBaBBBBBBBBBBB 
' ' aBBBBBBBBB|BBBaBBBaBaaBBaBaBBBaBBBiBBaBaBBBBaBaBBaBBBBBBBBaBBBBBBBa 
BBBBBBaaBBiBBBBBBBBBBBiBaaBaBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
IBBBBBBBBBBaBBBBBBBBBBiBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
IBaBBBBBBEBaaBaBaaBBBBBaaBBBBBBBBBBifliBBBBBBBBBaBBaiaBBBBaEBBBaaBaa 
.IBaBaBBBBBaEBaaEBaaaBBaBBBBBBBBBBBBBBBBBaaBaBBBBBBBBBBBBaBBBaBEBBBB 
IBBnBaBBBBBiaBBEBBBaBaBaBaBaBBBBBBBBBBBBBBaBaaBaBBrBBBBiBaBaaBiBBBB 
IB  II  IBBBaBBBBaaaBBBaiBaaaBBBBBBBBBBBaBBBBaBaaBBBalB''  BBBBBBBBBBB’aBaBB 

III  I'lBBBBBBBBBBBBBBBiaBaBBBaBIBBaBBBiaBBBBBBaBaiBaai  BBBBaBBaiBI 

< I IBaBBBBEBaBBaBBBiaBaiaBaaBBBBBBBBBBBBBBBiaiBBBB  

‘ IBaBaaBBiBBBBBBBiaBaiBBaaBiBaaBBBBBBBBBaEaaBBBI 
IBiBBBaBflBBBBBBBBBBBiBBBBBBBBBBBBBBBBBBBB'B  IBBBI 
laiBaBBBBaBaiBBaBBaaBBaBaBBBflBBaaBBaBBBBBifBBBP . 
laaBaBBaBaBaEBaaBBBBiaBBaaBaBBaBBBlBBBBaB 1 1 ibbi  i 
IBaaaaBBBaBaiBBaBBBBEBBBBBBBiBaBBBBBBBBBI  I IB’'<  L 
BaBBBBBBBBBBBBBBBBBBBBBBBBBiBBBBBBBaaBI I ' IB 
ilBBaBaaBBBaaBBBBBBaBBBaBBBBBBaBBBBaaBBI n 


bbbi 

IIBaBBBBBIlIBBanBl 

■ 1 IBBBBBI  r iBaa  ~~ 

■ • IB  IBBB  I 


BBBJ 
BBBBi  . 

I M 

BBBBMI 


.1  r .11 


BBBBBI  1 'IBBBBBBBaaBBBBBBBBBBnBBBBBBBBBBBBBBaBBr 


'll 


I irv IBBB IBBaaaBBBBaBBI IBBBBBBBBBBBB  BBn 

■ ni  iBB^ 

IB' I 

IB 

B 

BBBBBBBI  . P 
BBBBBBBI  I.  I 
BBBBBBBl  I II  I 


BBBBBI 

BBBBBI I ' I 

II  r 

T1 


I 


I laaaBBBBBBni 1 1 bb 
iiBBaBraaBBiiii  I ib 
I IBBaBKBBBBni  I IB 


IBI  9B 

BI  1 1 

BBBBBBBBIII  .1.91  It  I 
BBBBBBBBB  II  Bll  III  II 

BBBBBBBBB  IB  Bill  ' ' I 
BBBBBBBBB  IB-  iBM  J 
BBBBBaBBB  IB  IBBI  II  li 
■BBBBBBBBBB  IBBL  II 
BBBBBBBBBBB  IBBBt  II  .llll> 
BBBBBBBBBBB  IBBBI  II  II I Ul 


nBBrr 

IIBB1 
IIB9  ■ 


I II 

B .1  LMI 

iB.  IL  J J I BBI 

IBUB I BBBBBfll 
IBBBBBBBBBBI 


■ ran  ii 

1 1 1 1 1 II 

1 I I I If 
III  I 


I I I 

II  Hal 

III  I IB  I 

II  IBBi  I 


rBBBBBni 


! I . ill 

I .IIJ  . I 

aJBB  1^1 
BBBI  111 

I BBBBBB II 
I BBBBBB II 


VBBBB 

IBB9B 

T'ri  B 

' I I ' II 


ir 


j 


■ I ■■■■11 1 ■■■■■■■■■■■■■■■■■■ 

L lUaBBBBBBBiBBBBBBBBaBaBB 
■ IBBBBBBBBBiBBBBBBBBBBiBB 
BBBBBBBBBBBBBBBBBBBBBBBBB 


II 

IBI  >B  1 1 I I II 

IBI'B  III!  BBBBBBBBBBBBBBIJBB 
<Blil  I Bilk  BBBBBBBBBBBBBBBIBB 
II  I J.liHBI  BBBBBBBBBBBBBBBIBB 
ir  I II IBBBI. BBBBBBBBBBBBBBBBBB 
I » L IBBBBBBBBBI 

ii,; 

III  MI<BaBBBBBBI_  

I lUI  iMBBBBBBBBBBBBBBBBBBBl 
IJBk  flBBBBBBBBBBBBBBBBBEaBI 
IBBI  BBBBBBBBBBBBBBBBBBBBB! 
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IBBI 
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BBBBBBBBBBBBiBBBBBBBBBBBBBBBBBBBBBBiBBBBBBBBBBBBBBBBiBBEBBBBBBBBBBBBB 
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JBBBIBI 

SBBBBBBBBBBiiBBBBBI  I IB  UjBBBBBBaaEl 
BBBBBBBBBaBBBBBBMIlBBaaaBBBBBBBI 


B.  Vertical  wander. 


Fig. 17  Wander  signals  vs.  time  for  s nighttime  run  In  low  wind. 
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PROPAGATION  OF  FOCUSED  LASER  BEAMS  IN  THE  TURBULENT  ATMOSPHERE 

H.Roidt 

Fondiu»io*lnitt(ut  fUr  OpHk 
74  Tublngan  I,  Schl.Kraubach 
F.R.Ocrnwny 


SUMMARY 


E>q>«rlin*ntal  rMulti  from  InvMtlgatlom  of  Imtontonoout  Inlomlty  dlitrlbullom  in  focutod  loMr  boaiiw  of  0.43  Jim 
and  10.4  tun  at  dUtoncai  of  opproKlmotoly  1.3  km,  5 km  and  8.4  km  or*  protontod  and  ditcutiod.  At  0.43  jim  tho 
boom  pottam  It  broken  up  into  Mvoral  diffroction-ocaia  ipott  bacauia  focuiing  it  toluratad,  axcapt  for  weak  tur- 
bulanca  and  short  propagation  dittonca.  At  10.4  jtm  tha  beam  pattam  it  almost  uniform,  at  long  at  tha  baam  dl- 
mantioni  ora  tmallar  than  tha  oorralatlon  length  of  tha  ompliluda. 


1.  INTRODUaiON 

With  morty  military  applieotlont  of  lotari  fbeutad  beams  ora  ui  \ In  this  context  tha  later  beam  Intansity  distribu- 
tion on  tha  focal  plana  it  of  great  importance,  atpaclally  tha  instanlonaout  one  In  tha  cote  of  pulse  lose-;,  which 
it  mainly  offartod  by  atmospheric  tuibulanoo.  Whan  tha  tosar  beam  liitaracts  with  tha  atmotpharic  rafroctiva  inho- 
mogatMltias,  this  results  In  eoharanca  degradation,  intensity  fluctuations,  beam  wonder,  beam  breathing  and  conta- 
quantly  beam  spread  (Hdhn,  D.H.,  H.Raldt,  and  K.W.GrOnar,  1973;  Yura,  H.T.,  1973).  Tha  irradianca  distribu- 
tion in  tha  focal  plana  it  characteristic  of  a coharant  aperture  given  by  the  tmallar  of  tha  diameters  of  tha  trans- 
mitter aperture  2a  or  tha  lateral  coherence  length  of  a spharicol  wove,  p . Another  parameter  contributing  to  tha 

c 

Irradianca  distribution  at  large  distances  might  be  tha  lateral  correlation  length  L^  of  tha  amplitude  (Yura,  H.T., 
1973,  1971;  Lutomirski,  R.F.,  1971). 

Experiments  on  on  instantaneous  intensity  distribution  ot  L “ 1.3  km,  5.05  km  and  8.4  km  will  be  described  for 
X “ 0.43  jjm  (HeNe)  and  i0.4jim  (CO2).  The  results  are  presented  and  discussed  with  respect  to  some  theoretical 
relations.  Basically  the  findings  are  in  accordance  with  similar  observations  of  others  (Yura,  H.T.,  1973;  Kerr,  J.R., 
and  J.R.Dunphy,  19731. 


2.  EXPERIMENTAL  SETUP 

The  experimental  setup  is  schematically  shown  in  Fig.  1.  The  transmitter  system  already  described  elsewhere  (Raidt, 
H.,  and  D.H.HOhn,  1975),  consists  of  two  lasers  and  an  Inverted  corsegrainion  presenting  collinear  diffraction- 
limited  focused  TEM^  laser  beams  at  4328  A and  iO.4  pm.  They  ere  focused  onto  the  receiver  planes  at  L = 3 kn,, 
5.05  km,  and  8.4  km. 

The  paiameters  of  this  system  ore  summarized  in  Table  1. 

At  the  receiver  stations  the  laser  beam  patterns  were  registered  using  TV-techniques.  The  HeNe-pottern  was  ob- 
served by  means  of  a TV-camera  with  Si-vidicon,  the  C02-paHern  by  means  of  one  with  a pyroelectric  vidicon 
(Helmonn,  WIesbadenI  and  - at  L=1.3km  -a  sandblasted  Al-plate  as  reflector  for  X = 10. 4 pm.  In  default  of 


HeNe  - Loser 

6328%;  15  mW;  TEM  ; 

00 

1 . 1 mm  0 

Inverted  telescope 

f'/fj  - 6.64;  7.3  mm  0 

COj  - Loser 

10.6  pm;  50  W;  TEM^ ; 

6.9  mm  0 

Coise;palnlan 

20  mm  0 ; f ^ ^ 35  mm,  50  mm,  or  1 50  mm 

500  mm  0 ; fj  “ 2500  mm 

20  mm  0 bore 

fj/f,  “ 71.4,  50,  and 

16.6  retp. 

beam  diameter  ot  the 

6328  % t 521  mm,  365  mm,  and  121  mm  resp. 

output  mirror 

10.6  fim  t 493  mm,  345  mm, 

and  115  mm  resp. 

distance  L 

1.3  km,  5.05  km,  and  8.6  km 

L 

X > 6328  % 

X “ 10,6  pm 

diffraction  - limited 

1.3  km 

2 mm 

35  mm 

focused  beom  diameters  at 

3 mm 

51  mm 

the  distances  L using  the 

9 mm 

153  mm 

<^ove  mentioned  output 

beam  diameters 

5.05  km 

8 mm 

140  mm 

11  mm 

198  mm 

34  mm 

593  mm 

8.6  km 

13  mm 

235  mm 

19  mm 

336  mm 

57  mm 

1010  mm 

TabU  1 i Paronwtart  of  th«  traniinittor  lyitom. 


lufflcUnt  Intwwity,  at  L = 5.05  km  and  8,6  k*-;  th«  CO2  -*  poltwn  wai  imogod  from  a iphorlcal  mirror  onto  th«  vl- 
dlcon  by  tho  canwra  Uni,  octlng  oi  a fiold  Uni, 

An  oxpotura  tim*  of  4 mt  provod  to  b«  lultabU  to  rocord  ” initantanoeui"  Intoniity  pattorm,  rogardlng  tho  afUctt  of 
otmoiphorlc  turbuUnoo  (Hbhn,  D,H,,  H.Raidt,  and  K.W,GrUn«r,  1973;  Yura,  H,T,,  1973;  Raldt,  H.,  and  D,H,Hohn, 
1975), 

Along  lh«  5,05  km  propagation  rang*  tho  Intanilty  fluctuations  In  anothor,  collInMtod  HoNo-loior  boom  woro  nwoM- 
rod.  From  thoir  vorlonco  choractorlitlc,  moan  etruchir*  constant  valuos  of  the  otmoiphorlc  rofractivo  Index  fluctu- 
ations wore  calculated.  In  this  way?  values  Indicating  median  turbulence  were  obtained  (Hithn,  D,H,,  1969). 

Ti 

The  measurements  at  L > 1.3  km  and  8.6  km  were  alio  performed  at  median  turbulence.  This  fact  could  be  concluded 
from  the  obiervatlen  of  the  general  weather  sltuotlons  and  the  focused  loser  beams  themselves. 
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3.  RESULTS 

3.1  Th*ofHcfll  Ralqtlont 

Ahnoipharte  lurbuUnc*  ti  producing  boom  iprooding  that  may  rotult  In  a rururatlon  of  focusing  undor  cortatn  condl- 
tloni  (Hahn,  D.H.,  H.Raldt,  and  K.W.GttJnor,  IV/'S;  Yura,  H.T.,  1971,  1973;  LutomlrAl,  R.F.,  1971;  Roldt,H., 
and  D.H.Hahn,  1975).  On*  has  to  dlttlnguiih  botwoon  thort-torm  ovorogo  (oqulvolont  to  “ Inttontanooui"  In  this 
contoxt)  and  long-torm  ovorago  turbulonca-lnducod  optlcal-‘b«am  iprood  (Yura,  H.T.,  1973).  Th«  fbcuwd  boam  dla- 
motor  2p^^(L,^)  can  bo  doicrtbod  by  tho  relation 

^of  ^ 

Horoln  p^|  (L)  ■ XL/ira^  It  tho  froo  space  diffraction-limited  focused  beam  radius  (e>4,'2  transmitter  aperture  ra- 
dius with  TEM^),  and  py^(L,  ^)  **  2L/k;:^  is  the  turbulence  Induced  beam  spreod,  which  is  only  wookly  wave- 
length dependent  (Hahn,D.H.  et  al.,  1973;  Yuro,  H.T.,  1973;  Vorvatsls,  A.D.  et  al.,  1971). 

n (L,  C~)  being  either  the  short-term  or  the  long-term  lateral  coherence  length  of  a spherical  wove  can  be  used  to 
^ ^ ST 

describe  this  spreading.  The  short-term  lateral  coherence  length  p (L,  ^)  's  always  greater  than  the  correspon- 

l_j  X n 

ding  long-term  lateral  coherence  length  p (L,  C ),  but  they  become  approKlmotely  e<tual  in  the  for  field  of  the 

c n 

effective  coherent  transmitter  aperture  (Yura,  H.T.,  1973).  Therefore  the  long-term  values  calculated  by 
(Lutomimlcl,  R.F.,  1971)  for  medion  turbulence  can  be  used  at  least  for  the  Interpretation  of  the  experiments  presen- 
ted In  this  contOKt. 

Focusing  Is  saturated  If 


Toble  2 ; VoUm  W /[^(L,  C|^)/o^  for  the  experiments  described  above,  s. Table  1,  ot  X “ 0.63  pm  ond 
X " 10.6  pn,  for  median  turbulence,  using  chmrr  .;teristlc  values  2 a . 


;1 

! 1 


In  Tobt*  2 thli  relation  It  colculatod  for  the  experiment*  detcribed  above  (t. Table  1).  The  figure*  pre*ented  there 
*how  that  at  X * 0.63  fjm  focu*lng  *aturatlon  con  be  expected  far  all  dUtonce*  L and  tronunitter  apertures  2o^  used, 
except  for  I * \.3  k.'n  and  2 o^  <■  10cm.  At  X 10.6pm,  focusing  will  not  at  all  be  saturated.  If  ihe  beam 
pattern  diameter  exceeds  the  corresponding  correlation  length  *«  f xt  of  turbulence  Induced  Intercity  fluctuations 
without  focusing,  there  will  exist  Intensity  variations  In  the  pattern  due  to  L^. 


2 X ^ 0.63  pm 

In  Figures  2,  3,  and  4 examp'es  for  Instantaneous  Intensity  distributions  for  0.63  pm  at  the  distances  L * 1.3  km, 

5.05  km,  and  8.6  km  with  three  transmitter  apertures  2a^  m 50  cm,  30  cm,  and  10  cm  ore  shown  (actual  values 

see  Table  1). 

At  the  shortest  distance  L«  1.3  km  and  the  transmitter  apertures  2a^  50  cm  ond  30  cm  (Figure*  2a, b),  the  beam 

pattern  Is  broken  up  Into  several  patches.  The  beam  spreading  Is  considerable,  I.e.  focusing  I*  sa- 

turated. This  effect  diminish*  with  decreasing  transmitter  aperture  2a^  and  already  for  2a^  ==  10  cm  (Fig. 2c)  there 
appears  an  almost  diffraction-limited,  I.e.  m 1.5  p^p  ond  smooth  beam  pattern.  As  predicted  in  fable  2 focu- 
sing Is  not  saturated.  This  observation  for  2a^  = 10  cm  concurs  with  the  suggestion  of  (Vuro,  H.T.,  1973),  that  in 

the  near  field  of  the  effective  coherent  transmitter  aperture  the  beam  does  not  break  up  Into  multiple  blob*  os  In  the 

2 

far  field.  The  distance  L = 1.3  km  lies  in  the  transition  region  between  near  and  far  field,  I.e.  I >«  k p , with 

c 

k *=  2ir/x.  In  addition  also  the  aperture  diameter  2 a^  Influences  the  focusing  behaviour  of  the  loser  beam  in  the 

near  field  as  demonstrated  in  Figure*  2a,  b.  In  accordance  with  Table  2,  focusing  saturation  becomes  more  pronoun- 
ced with  the  longer  distance*  L = 5.05  km  and  8.6  km  far  all  transmitter  apertures  2 a^  (Figure*  3,4).  This  can  be 

explained  by  the  decreose  of  the  lateral  coherence  length  (L,  C^)  with  increasing  distance  L.  The  values 

W = p (L,  C )/o  become  smaller,  the  focol  plane  then  also  being  in  the  for  field  of  the  effective  coherent 
transmitter  'iperture.  A*  demonstrated  for  L = 5.05  km  in  (Raldt,H.,  and  D.H.Hdhn,  1975)  the  characteristic  sire  of 
the  patches  In  the  focusing  saturated  beam  is  approximately  equal  to  the  transmitter  diffraction-limited  s^  at  size  2p^p 


3.3  X = 10.6  pm 

For  10.6  pm  at  L = 1.3  km,  In  contradiction  to  0.63  pm,  for  oil  transmitter  apertures  2o  50  cm,  30  cm,  and 

o 

10  cm  (actual  values  see  Table  1)  the  beam  pattern  is  almost  uniform  as  can  be  seen  in  Fig. 5.  Beam  spreading  is  small, 

i.e.  p^^;  focusing  Is  not  saturat  J as  indicoted  in  Tqble  2 and  also  the  focal  plane  is  in  the  near  field  of 

the  effective  coherent  transmitter  aperture.  This  proves  true  also  for  the  longer  distances  L - 5.05  km  and  8.6  km. 

In  spite  of  a focusing  - unsaturated  C02-loser  beam  at  these  distmice*',  which  should  provide  smooth  intensity  distribution. 

Intensity  fluctuations  In  the  beam  pattern  can  be  abserved  for  2o^  ==  10  cm.  This  foct  is  demonstrated  in  Figures  6 and 

7.  At  L = 8.6  km  the  beam  pattern  seems  already  to  break  up  for  2 a^  - 30  cm.  These  intensity  fluctuations  in  the 

unsaturated  focused  loser  beam  are  due  to  tho  correlation  length  L \f^  of  the  amplitude.  Whereas  for  2a 

c o 

= 50  cm  and  30  cm  the  beam  diameter  is  smaller  than  Hse  correlation  length,  i.e.  rv  2p^^<  L^,  It  exceed* 

the  correlat’on  length  for  2a^  = 10  cm,  i.e.  2p^^  ■<  2p^^  > L^. 

A*  cen  be  seen  from  Table  2 and  (Lutomirski,  R.F.,  1971)  focusing  saturation  will  occur  at  larger  distance*  also  for 
the  CO2  ~ loser  beam. 
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4.  CONCLUSIONS 

1)  Focusing  tcrturoHon  Incrooioi  with  Incrooslng  prot>ogatlan  dlstanoo  L.  In  tho  nooi  fi«<d  of  Iho  offdctivo  eohoront 

2 

trcmimtHor  oporluro,  L < k p , focusing  Is  not  suluratod  for  tronsmittor  etp«rtuni  dlomotors  2o  ovon  If  they  oro 

c o 

lorgor  than  tho  latoral  cohoroneo  length,  2o  > p (L,^),  but  focusing  Is  soturotod  In  the  noor  field  too  If 

0 C li 

2a  p (L,C")  . 
o n' 

2)  If  focusing  Is  unsaturated  by  turbulence,  i.e.  m p^^,  smooth  instontorteous  intensity  patterns  will  occur 

as  long  os  the  correlation  length  Is  greater  than  the  beom  diameter,  i.e.  2p^^  m 2p^^  < L^.  For  2p^^  > 

the  beam  will  be  splitted  due  to  L . 

c 

If  hreusing  is  saturated,  I.e.  p^^  > p^^  the  beom  breaks  up  into  approximately  transmitter  (2a^)  diffroctlon-'llmited 
spots. 


3)  These  effects  con  plastically  be  explained  by  the  interaction  of  beams  with  atmospheric  refractive  index  Inhomoge- 
neities. Turbulent  eddies  having  dlmetMions  greater  then  the  beam  dlaoMter  lead  to  refractive  effects.  The  entire  beam 
is  quivering  around  its  unperturbed  position.  This  occurs  with  unsaturated  focused  loser  beams.  In  the  case  of  focusing 
saturation,  the  beom  Interacts  with  eddies  smaller  than  the  beam  diameter  and  therefore  It  is  splitted  Into  several  inde- 
pendently quivering  elements,  leading  to  considerable  bean  spreading. 
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Fig.l  : Schernatlcal  experimental  setup  for  investigation  of  atmospheric  propa- 

gation of  focused  laser  be  jms  at  0.63  pm  and  1 0. 6 pm . 


Inst-antaneous  intensity  distribution  of  focused  laser  beams  at  0.63  /im 

Measuring  conditions;  L=  1.3  km;  At  = 4 ms;  median  turbulence. 

a)  2 a « 50  cm;  2 a ^ 30  cm;  c)  2 a 10cm; 
o o o 

scale:  dash  ^ 5 cm. 


Fig. 3 ; Instantaneous  intensity  distribution  of  focused  loser  beams  at  0.63  /im. 

Measuring  conditions:  L = 5.05  km;  At  = 4 ms;  median  turbulence. 

a)  2 a 50  cm ; b)  2 a 30  cm ; c)  2 a ««  10cm; 

o o o 

scale;  dash  ^ 20  cm. 


Instantaneous  intensity  distribution  of  focused  laser  beams  at  0.63 
Measuring  conditions;  L=  8.6km;  At  - 4 ms;  median  turbulence, 
a)  2 a 50  cm ; b)  2 a «=<  30  cm ; c)  2 a 10cm; 
scale:  dash  ^ 20  cm. 
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Fig. 6;  Instantaneous  intensity  distribution  of  focused  loser  beoms  ot  10.6 ;itn. 

Measuring  conditions:  L = 5.051cm;  At  = 4 ms;  medion  turbulence. 

o)  2o  50  cm;  b)  2o  30  cm;  c)  2o  •»  10cm; 
o o o 

scale:  dash  ^ 20  cm. 
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Instantaneous  intensity  distribution  of  focused  laser  beams  at  10.6  /i.m 

Measuring  conditions;  L=  8.6km;  At  = 4ms;  median  turbulence 

a)  2 a 50  cm ; b)  2 a 30  cm ; c)  2 a •«  10  cm ; 
o o o 

scale;  dash  £ 20  cm. 
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PROPASATIOM  OF  FOCUSED  TMWCATH)  IA3ER  BEAMS  IM  THE  ATMOSPHKRB 


R.  F.  UitoBlrakl 

Paclflc-Slacra  R«M«rch  Corporation 
Santa  Honica,  California 


SUMMART 


In  thla  papar,  a fonula  la  darlvad  for  tha  Man  Intanalty  dlatrlbutlon  fro«  a flnlta  baan  In  tarM 
of  tha  coaplax  dlaturbanca  In  tha  apartura  and  tha  autual  coharanca  function  <MCP)  for  a apharlcal  wava  In 
tha  madliM.  Tha  fonula  la  uaad  to  axaalna  tha  affacta  of  turbulanca  on  tha  long-tara  avaraga  Intanalty 
produced  by  a focuaad,  truncated  gauaalan  apartura  dlatrlbutlon.  In  particular,  It  la  ahovn  that  (a)  while 
tha  vacuum  focal  point  Intensity  will  Incraaaa  aa  tha  dagraa  of  truncation  dacraaaea  for  a given  laaar 
output  power,  tha  affect  of  turbulence  llmlta  thla  Incraaaa,  and  (b)  tha  turbulence  can  vlrttially  allnlnata 
tha  vacuum  advantage  of  vlalbla  over  Infrared  wavelangtha  In  focualng  tha  beam  at  practical  rangaa.  Trana- 
veraa  beam  pattarna  and  tha  on-axla  Intanalty  are  ahown  for  CO2  wavelength,  and  a criterion  la  aatabllahad 
for  tha  condition  under  which  the  turbulanca  pravanta  affactlvo  focualng. 

1.  INTRODUCTION 

Tha  output  of  a laaar,  with  a mirror  ayatam  daalgnad  to  kaap  diffraction  loaaaa  eMll,  can  uaually 
ba  approxlmatad  by  a gauaalan  amplltuda  and  uniform  phaea  dlatrlbutlon  (Rlakan,  196A)  acroaa  a circular 
trana^ttlng  apartura.'*'  Generally,  to  deliver  Mxlmum  Intanalty  to  a apaclflad  receiver,  tha  output  beam 
will  be  focuaad  onto  tha  target,  with  tha  focualng  optica  truncating  tha  gauaalan.  Tha  coi^lex  field  at 
tha  exit  pupil  of  tha  tranaadttar  for  thla  configuration  may  ba  approxlMtad  by  a truncatad-gauaalac 
aaplltuda  dlatrlbutlon  and  quadratic  phaaa  dlatrlbutlon.  In  thla  paper,  we  calculate  the  maan  Intanalty 
dlatrlbutlon  In  apaca,  resulting  from  tha  above  complex  field  In  a trannmlttlng  aperture  In  tha  presence  of 
a turbulent  atmosphere. 

Prevloua  analysea  for  truncated  distributions  have  been  limited  to  vacuum  calculations  (Campbell  and 
Da.  Shaaer,  1969-  Kauffman,  1963).  The  atmospheric  calculations  have  been  treated  (SchMltser,  1967; 
lahliaaru,  1969;  Bo,  1970)  by  Introducing  the  fluctuation  in  refractive  Index  as  a small  paraMter  In  the 
wave  equation,  and  expanding  the  fields  In  powers  of  thla  aama  paraMter.  This  procedure  results  In  tha 
field  being  expressed  as  a hierarchy  of  Born-type  Integrals  over  the  vacuum  fields  existing  at  each  point 
In  space.  Because  of  the  extreme  complexity  of  these  Integrals,  the  atmospheric  calculations  have  been 
limited  to  non-truncated  (possibly  focused)  gausslaas,  for  which  a closad-form  solution  axlsta  for  tha 
vacuum  fields.  Even  in  this  special  case,  because  of  the  approxlMtlona  necessary  to  Mnlpulata  tha  exprar ' 
slons.  It  la  not  difficult  to  show  that  none  of  the  expreaalons  contained  In  SchMltser  (1967),  lahlMru 
(1969),  or  Ho  (1970)  conserve  the  long-term  average  Irradlance  over  a plane  normal  to  the  direction  of 
propagation.  Implying  that  even  those  solutions  must  ba  Incorract. 

Tha  prasant  analysis  la  basad  on  a proof  developed  In  an  earlier  study  (Lutomlrskl,  1970) , which 
states  that  the  Huygens-Presncl  princlple'fT  can  ba  extended  to  a medium  exhibiting  a spatial  variation  In 
refractive  Index.  Prom  thla  pilnclpla,  the  field  due  to  a disturbance  specified  over  an  aperture  can  ba 
computed  by  suparimpoalng  spherical  wavalats  radiating  from  all  elamanta  of  tha  aperture.  The  mean  Inten- 
sity distribution  la  then  found  by  first  computing  the  Intensity  at  a point  from  an  arbitrary  pair  of 
•laments  In  the  aperture.  Applying  a reciprocity  theorem  (also  proven  In  Lutomlrskl,  1970),  and  avaraglng, 
reveals  that  the  above  quantity  la  essentially  the  mutual  coherence  function  (or  MCF)  for  a spherical  wave 
In  the  Mdium.  The  Integration  over  the  aperture  is  performed  as  a final  step,  resulting  In  a simple 
formula  for  the  mean  Intensity  pattern  valid  In  both  the  Freanal  and  Fraunhofer  regions  of  tha  aperture. 

Tha  developMnt  is  outlined  In  Sec.  2.  . 

In  contrast  with  previous  work,  tha  properties  of  tha  medium  (e.g.,  the  turbulence  paraMtera)  appaar 
only  In  the  KCF  of  a spherical  wave.  The  present  calculation  saparatas  the  geoMtry  of  the  problem  (l.e., 
the  coa^lex  aperture  dlatrlbutlon)  from  tha  propagation  problem,  which  la  determined  by  the  Hnner  In  which 
a spherical  wavs  propagates  In  tha  medium.  The  MCF  deacribss  tha  reduction  In  lateral  coherence  between 
eleMnta  of  the  aperture,  effectively  transforming  It  Into  a partially  coherent  radiator,  with 
the  degree  of  coherence  decreasing  as  tha  distance  from  the  apartura  Increases.  In  Sec.  3,  tha  general 
formula  relating  the  MCF  to  the  spectrum  of  Index  of  refraction  fluctuations  for  homoganeous  Isotropic  tur- 
bulence la  presented,  and  approxlMte  formulas  are  given  for  the  MCF  at  various  propagation  ranges  for  a 
modified  Kolmogorov  spectrum.  A curve  of  nomalisad  coherence  length,  p„,  defined  as  tha  transverse  sepa- 
ration at  which  the  coherence  la  reduced  to  e”l,  versus  noiMllsad  range,  la  also  prasant  ad. 

In  S...  4,  the  case  of  a focuaad,  truncated-gausalan  field  distribution  la  examined  In  detail.  The 
general  features  of  tha  vacuum  pattern,  with  particular  amphaals  on  tha  affect  of  truncation,  are  discussed 
first.  For  a fixed  laser  output  power,  a curve  la  presantad  showing  tha  vacuum  variation  In  focal-point 
Intensity  as  a function  of  the  degree  of  truncation.  The  curve  shows,  for  example,  that  when  tha  intensity 
at  tha  circumference  of  the  transmitting  aperture  la  reduced  to  e“3  from  the  Intensity  at  the  center,  tha 
^tensity  at  the  focus  la  reduced  to  »85  percent  of  that  corresponding  to  a uniform  distribution  (this 
latter  dlatrlbutlon  maxlmlaea  tha  vacuum  gain).  The  effect  of  turbulence  la  ahown  to  reduce  thla  diffaranca 
w all  cases  a^.  In  fact,  tha  distribution  that  maximises  tha  gain  la  no  longer  a uniform  ona.  A criterion 
la  also  given  for  which  no  further  Increase  In  the  on-axls  Intensity  at  a given  range  can  be  realised 
through  focualng  because  of  the  turbulence.  In  a furthar  example  It  la  ahown  that  for  a 30-cm  beam  focused 

M,  the  effect  of  the  turbulence  la  virtually  to  ellmlnata  tha  vacuum  advantage  of  visible  over 
Infrared  wavelengths  In  focusing  tha  beam. 


"*Wlth  confocal  mirrors,  the  lowest-order  mode  la  exactly  gauaalan. 
‘*"'saa  p.  370  of  Bom  and  Holf,  1963. 
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In  addition,  baao  pattorna  and  tha  on-axla  Intanalty  ara  ahovn  for  CO2  wavalangth,  for  both  a 30-cm 
and  1-m  apartura,  ualng  turbulanca  paramatara  that  ara  charactarlstlc  of  patha  of  tha  ordar  of  a faw  matara 
abova  tha  ground. 

Tha  raaulta  ara  brlafly  aumoa''lxad  in  Sac.  S,  wharo  It  la  arguad  that  tha  apharlcal-«ava  MCF  la  tha 
baalc  quantity  to  ba  aaaaurad  for  conputlng  tha  dagradatlor  of  an  Intanalty  pattarn. 

2.  THE  HUYGENS  FOBMULATION 

It  has  baan  shown  (Lutomlrskl,  1970)  that  for  optical  propagation  In  a weakly  Inhomogenaoua , non- 
absorbing aadluai,  tha  flald  at  tha  obsarvatlon  point  from  a conplax  apartura  disturbance  U^(T2)  can  be 
wrlttan  aa  ~ 


U(P)  - # /G(P.r,)0^(rp  d^r, 


(1) 


whara  k - 2r/l  Is  tha  wave  nuabar,  rj^  la  a coordinate  In  tha  plana  of  tha  apartura.  and  the  Integration  la 
carried  out  over  tha  apartura.  Tha  tans  G(F,rj^)  la  tha  flald  at  point  P dua  to  the  spherical  wave  propa- 
gating In  tha  medium  from  a dalta  function  aourca  at  r^^.  Equation  (1)  Ta  valid  for  atmoapherlc  optical 
propagation  whara  tha  acattarad  field  can  ba  shorn  to  vary  slowly  over  a wavalangth  for  all  propagation 
distances  of  Interest  (a.g.,  »10O  km  over  horlsontal  paths),  and  for  sufficiently  small  scattering  anglas  . 
whara  tha  obliquity  factor  (Born  and  Wolf,  1965)  can  ba  taken  as  -1/X. 


Tha  Intensity  at  tha  point  P Is  than  glvan  by 

,2 


I(P)  - U(P)U*(P)  - (i)  d^r^ 


(2) 


It  la  shown  In  lutomlrskl  (1970)  that  In  a rafractlva  medium,'*'  tha  complex  flald  at  P dua  to  a point 
aourca  at  rj^  Is  Idantlcally  equal  to  tha  flald  at  ^ dua  to  a point  source  at  P—1. a.,  reciprocity  exists 
In  tha  form  G(P  r^)  - G(ri.P).  Hence.  - G(ri.P)G*(r2.P)  la  th^  flald  at  n.  multiplied  by 

tha  complex  conjugates  of  tha  field  at  £2,  due  to  a apherlcal-wava  source  at  P.  Tha  ensambla  averaaa  (de- 
noted by  angular  brackets)  " * 


<G(r^,P)G*(r2,P)) 


" * \Li-1\  l£2~il 


(3) 


”.s:  r',r(”.u'5::yrs"i 

in  tha  JLJ  wi^pfrixliaor*  **  °’’*«vatlon  point  P.  than 


^ik|r,-P|  ^ 

TrJ-ll  ^ 


(6) 


Hence,  wa  obtain  from  Eq.  (2) 

,2 


Changing  varlablas  In  Eq.  (5)  to  £ - (r^-r,),  r - (ri-tT2)/2,  and  restricting  tha  analysis  to  the 
case  ofhomoganaous  Isotropic  turbulanca  where  M^tEi.l2.*>  ■ (*^*^*>  P “ l£.D.  ylalda 


(6) 


PPPtl*!  Ititanslty  distribution  In  both  tha  Fraanal  and  Fraunhofer  regions 
fro.  an  «bltrary  c^plax  disturbance  In  a finite  apartura  In  tha  praaanca  of  a homogeneous , lUotroplc 
turbulent  nadlum.  It  should  ba  noted  that  Integration  of  Eq.  (6)  over  tha  £ plana  yields  ^ ’ 

f <I>  - J |Oa(E>  I ^ 


Hence,  this  davalopmant  Impllas  anargy  conaarvatlon  for  arbitrary  apartura  functions. 

3.  THE  SPRSRICAL-HAVE  MCF 

Tha  long-term  affect  of  tha  turbulanca  on  tha  beam  pattern  enters  through  the  spharlcal-wave  MCF. 
Over  a uniformly  turbulent  path.  Mg  Is  related  to  tha  spectrum  of  Index  of  refraction  fluctuations  by  tha 
formula  (Uitomlrskl  and  Yura,  1971) 


mora  general  thaorem  Is  proven  by  Kaylalgh  (1945)— aaa  p. 


3S0. 
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Mg(P,«)  - MP  ~ 


1 - 


^j^cicpu)  du 


/ 


♦ (K)K  dK 
n 


«h«ra 


■ - 2*^k^  I « (K)K  UK 


(7) 


(8) 


la  tha  propagation  dlatanca  at  which  tha  maan  apharleal -wava  flald  la  raducad  to  a~^  of  tha  vacuua  flald. 
A aodlflad  Kolaogorov  apactrua  hat  baan  uaad  (Lutoalrakl  »nd  Yura,  1971)  for  tha  turbulanca 

.2 


2 

0.033r  a ® 
*n<«  (^2^1-2)11/6 


(9) 


whara  C-  la  tha  Indax  atructura  constant , and  and  Lg  arc  tha  Innar  and  outar  acalas  of  turbulanca, 
raapaetlvaly. 

In  Fit,  1,  a plot  of  i.  varaua  X la  shown  for  tbras  valuaa  of  roughly  corraspondlng  to  waak 
(3*10“16  c»-2/3),  aadlua  (3xl0“l'  cn-2/1),  and  strong  (3xl0“l^  ca“2/3)  turbulanca.  For  horlaontal  propaga- 
tion naar  tha  ground,  wa  hava  uaad  tha  nominal  valuaa  Iq  - 0.1  cm  and  - 100  cm.  In  tha  uaual  atmospheric 
caaa,  to  **  Iqi  tha  Intagral  In  Eq.  (8)  can  ba  approximated  to  yield 

*c  ■ ^ • (10) 

Tha  moan  field-decay  length,  a^,  and  hanca  the  MCF,  will  depend  strongly  on  the  outer  scale  of  turbulence. 

Lutomlrakl  an>*  Yura  (1971)  show  that  there  are  three  distinct  propagation  rtnges  for  which  approxl- 
mat j axprasalona  exist  for  the  MCF.  The  first  la  found  by  observlnf  that  for  any  i.  Mg  la  a nonotonlcally 
dacraaelng  function  of  p with  Ms(O.f)  - 1 and  Ms(-,a)  - exp[-2a/ac].  Substituting  Eq.  (9)  Into  Eq.  (7),  It 
can  ba  seen  that  this  asymptotic  value  la  reached  whan  p » Lo*  Physically,  when  the  separation  Is  large 
compared  with  the  dlatanca  over  which  the  refractive  Index  fluctuations  (or  temparature  fluctiatlons)  are 
correlated,  '»Lot  than 


•*g(p.r)  ■ /^b(rj^,R)U(rj-*£^,r.)^  + ^U(i_j,t)^^(rj^-»2^,a)^  - a ® 

p » 

bacauaa  tha  light  reaching  the  points  (ri,x),  (ri+fi..-*)  has  propagatnd  through  esssntlally  statistically 
Indapandei  t media.  Hence  we  define 


H 


(1) 

S 


Ms(£L.-«*p) 


1 


To  dsccribe  the  remaining  two  regions.  It  la  convsnlent  to  first  character lae  the  MCF  at  a given 
range  by  the  enjiavstlon  p^,  for  khir.h  ^*s(Po,s)  “ a-2.  Then  the  aacond  region  la  found  by  obsarvlng  that 
for  *0  « po  « i,j,,  the  li!*-egrand  In  Eq.  (7)  can  be  expanded  In  powers  of  (p/Lo)  to  ylald 


MJ^^P,a) 


axp|-0.55kV«p’^^ 


(11) 


The  expansion  proves  valid  only  when  Ms(to.«)  * 1 and  MsdotS)  « 1,  which  Implies  the  range  limitation 


z « a « a. 
c 1 


where 


tl=(o.39kW/3)-'-(^)‘ 


5/3 


For  ranges  graatar  than  sj,  Msdo>*)  **  1,  and  all  of  the  p'a  of  Interest  are  small  compared  with  the  Inner 
Then,  for  Pq  « Iq,  the  Beasel  function  In  Eq.  (7)  can  be  expanded  In  powers  of  (p/Iq)  to  ylald 


Mg^^(p,«)  “ exp^-k^ap^j  - exp 


a » a. 


(12) 


whara 




lAMlVIlt 


aUmuMttiiaiuWtiMitHSaiBim 
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q - (ir‘‘/3) 


(lOK^  dK  » 0.56c^r^^^ 


H«nca,  for  propagation  patha  -hat  are  ahorc  coaparad  with  •!,  tha  MCF  doaa  not  dapand  on  tha  Inner 
■cale,  and  can  be  written  at  _ 


Mg(p,*)  - axp{- 


' o e ' 


-K^r  /- V“>  /r-^ 


>J  I . 


0 < a « t. 


(13) 


For  the  range  0 < a « a^  (for  Lo/*o  " 10^.  *1  “ 10*«).  Po/l«  varaua  t/*c>  obtained  by  Inverting  tha  aqua- 
tion F(Po/Lo.k/*c  “ plotted  In  Fig.  2.  For  rangaa  a < tJ2,  Ms(-,a)  > a-^,  and  tha  coherence 

length  aa  defined  here  la  Infinite. 


It  la  apparent  that  for  Po  much  greater  than  the  aperture  diameter  D,  Mg  In  Eq.  (6)  can  be  replaced 
by  unity , and  the  mean  Intenalty  la  given  by  Ita  vacuum  value.  When  Pq  ‘ D,  the  turbulence  reducea  the 
average  Irradlance  on  a target. 


^ 4.  THE  FOCUSED,  TRUNCATED>GAUSSIAH  DISTURBANCE 

4.1  The  Mean  Intenalty 

The  complex  field  In  the  aperture  correepondlng  to  a gauaalan  amplitude  dletrlbutlon  with  atandard 
deviation  a,  focuacd  at  range  f,  and  normallaed  to  unit  amplitude  at  the  center  of  the  aperture  le 


\ti\  S D/2 

\Li\  > D/2 


(14) 


With  Uj^  given  by  Eq.  (14),  the  Inner  Integral  In  Eq.  (6)  la  the  Integration  of  tha  function 

exp|^-a~^(r^ 


over  the  area  of  overlap  of  two  clrr.lee,  each  of  diameter  D,  with  center  a relatively  dlaplaced  at  oppoalto 
enda  of  the  vector  £.  The  Integration  la  atraightforward  and  ylelda  tor  the  Inner  Integral  Dlrj^g(x),  where 


coa”^(x)  1 

/ f 

0 x/coa4 


(u  -2ux  cob4) 


coa[2BxCu  coa4~x)]u  du 


X S 1 


(15) 


- 0 


X > 1 


where  x " p/D,  6 “ D/2a,  and  S “ l/4(kD2(f~l-£~l)].  Then,  uaing  polar  coordlnatea  for  tha  £ Integration, 
performing  the  angular  Integral,  and  changing  varlablea  from  p to  x p/D,  ylelda 


<l)>(a,t) 


xJ^  (2ox)Mg  (Dx , a )M j ^ g (x)  dx 


(16) 


where  Jg  la  the  isero-order  Beaeel  function,  and  a " U>p/2b  <•  kD/2  tan  9,  where  9 la  the  angli  that  tha 
dlractlon  to  £ makes  with  the  central  direction. 

4.2  The  Vacuum  Pattern  and  Effect  of  Truncation 


In  tne  llislt  of  riro  turbulence.  Mg  1,  and  Eq.  (16)  reproduces  the  vacuum  Intensity  pattern.  In 
this  limit.  It  follows  from  the  definition  of  6 that  the  angular  pattern  In  the  focal  plane  (z*f)  is  Iden-  . 
tical  with  the  Fraunhofer  pattern  for  the  unfocused  case  (f"»,s*~).  Furthermore,  because  g(x)  Is  an  even 
function  of  $,  the  angular  vacuum  patternc  are  Identical  In  planes  for  which  |z~i-f~^|  ■ constant. 

For  the  limit  D « a (<S-K)),  the  problem  reduces  to  the  focusing  of  a plane  wave  diffracted  by  e cir- 
cular aperture.  No  simple  expression  exlata  for  the  transverse  vacuum  Intenalty  except  In  the  focal  plane, 
where  the  distribution  Is  given  by  the  Airy  pattern 


Ip(p.f) 


a 


kPp 

2f 


(17) 
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Tha  vn-axla  Intanaity  la  glvan  by 


whlah  haa  an  abaoluta  naxiMi  at  tha  focal  point.  Tha  on-axla  nulla  ara  locatad  at 


1 1 




Knirf 

kD* 


n - 1,2,. 


(18) 


Nhan  16irf/kD^  > 1,  tha  only  on-axla  nulla  11a  batwaan  tha  tranaailttar  and  tha  focal  plana;  whan  16*f/kD^  < 1, 
thara  ara  on-axls  nulla  bayond  tha  focal  plana.  In  tha  Unit  Ifirf/kD^  <<  1,  tha  nulla — Indaad  tha  whole 
pattacn — ara  aynnatrlc  about  tha  focal  plana  for  rangaa  |(c-f)/f|  « 1. 

In  tha  llnlt  D » a (or  i-*"),  whan  tha  apartura  doaa  not  affactlvaly  truncata  tha  lauaalan,  tha 
vacum  pattam  propagataa  aa  a t*»aalan  In  all  tranavaraa  planaa  accordlxtf  to  tha  aquation 


whara 


(19) 


Tha  naxlnun  Intanaity  In  thla  caaa  doaa  not  occur  at  tha  focal  point,  but  rathar  on  tha  axla  at  tha  abortar 
ranga  a “ f/[l-t-(f/1ca^)] , whara  tha  Intanaity  la  1 (ka^/f)2.  Canarally.  In  crdar  to  focua  tha  laaar  bean 
affactlvaly,  the  focal  langth  ahould  ba  anich  laaa  than  tha  aaallar  of  ka',  kD^,  In  which  caaa  tha  Intanaity 
at  tha  focal  point  la  approxlaataly  tha  aawllar  of  (ka^/f)^,  l/4(kD2/f)2. 


For  tha  caaa  of  arbitrary  truncation,  tha  on-axla  Intanaity  can  ba  ahown  to  ba 


1(0, a) 


W ? + 


-4^/2 


(20) 


with  no  alnpla  foraula  for  tha  tranavaraa  pattacn,  avan  In  tha  focal  plana.  Tha  avaraga  apartura  Intanaity, 
daflnad  aa  tha  total  laaar  output  powar,  W,  dlvldad  by  tha  araa  of  tha  apartura,  can  ba  coaputad  by  Inte- 
grating |U^|2  ovar  tha  apartura,  and  la 


I = 


(21) 


Tha  affect  of  truncation  on  the  Intanaity  at  the  focal  point  for  a 
conputad  from  tha  gain 


glvan  output  powar  can  than  ba 


It  haa  been  ahown  (Silver,  1963)  that  of  all  poaalbla  aperture  dlatrlbutlona,  the  focal-point  Intan- 
alty  for  a given  W la  naxlmlzad  by  a uniform  dlaturbimce,  correapondlng  In  our  caaa  to  4 • 0,  and  yielding 


In  Fig.  3,  the  normalized  gain 


(23) 


la  plotted  veraui  fi2,  the  power  of  e by  which  the  Intenalty  at  tha  clrcumferanca  la  reduced  from  tha  Intan- 
aity at  the  center.  For  example,  a ratio  of  e”3  ylalda  a vacuum  reduction  of  »15  percent.  Tha  affect  of 
turbulence  will  be  ahown  to  reduce  thla  difference. 


4.3  Th«  Kf facta  of  Turbuianca 

Tha  long-tarn  affact  of  tha  turbuianca,  at  O'acoaaaC  In  See.  3,  la  to  raduca  tha  lataral  coharanca 
batvaan  tha  flalda  radUtlnj  fron  dlfi.'arant  alanan  i o,  tha  apartura  for  aaparatlona  >po>  For  Oo  < 
tha  baan  will  ba  confinad  to  a circularly  ayHMtrlu  araa  of  dlnanalon  ^B/kpo  at  a dlatanca  a.  Tha  ratio  of 
tha  flald  Intanalty  to  aparrura  Intanolty  la  thao  ■ui.kDpo/a)2,  and  tha  on-axla  Intanalty  can  ba  Incraaaad  by 
focualng  tha  baan  only  If  thla  quantity  la  conaldarably  graatar  than  unity  at  tha  range  of  Intaraat.  In 
ganaral,  thla  partially  coherent  apartura  will  produce  an  Intanalty  pattern  with  laaa  datallad  atrurtura 
than  tha  vacuun  dlatrlbutlon,  and  with  tha  naxlna  and  alnlna  tending  to  ba  averaged  out.  Further,  bacauaa 
« X2^  them  will  ba  laaa  degradation  of  longer  wavelength  pattama.  In  Flga.  4a-4c,  tha  focal-plane 
atnoapharlc  pattarna,  nomallr-ad  to  tha  vacuun  focal-point  Intanalty  (1/4) (ld>2/4f)<,  are  ahown  for  a 
unlfom  apartura  dlaturbance  with  D/Lg  ■ 3.01,  0.1,  and  1,  raapautlvaly.  With  ig  detamlnad  from  Eq.  (10) 
(or  Fig.  1)  thaaa  curvaa  can  ba  uaad  for  arbitrary  wavalangtha.  Tha  daahad  curve  In  each  figure  la  tha 
vacuun  Airy  pattarn,  Eq.  (17),  alnllarly  nonkallaad.  For  a given  ratio  of  a/ag,  tl.t  graatar  tha  diameter 
(D/to),  lha  laaa  tha  affective  coherence  ovar  tha  apartura,  and  hanca  tha  graatar  tha  degradation  fron  tha 
vacuun  pattern. 

In  tha  remaining  axanplaa,  tha  noremllaad  Intanaltlaa  (I^t)>  daflnad  aa  the  ratio  of  tha  naan  Inten- 
altlas  <I>  to  the  naan  apartura  Intanalty  T “ 4W/itD^,  are  plotted.  Turbulence  paramatara  have  been  choaan 
ttet  are  charactarletlc  of  tha  atrangtha  and  acalas  found  from  taro  to  eavaral  matara  above  tha  ground: 

C*  ••  3x10“5  cm"*'^,  tg  ■ ^ 

Flguraa  Sa  and  5b  dlaplay  tha  affacta  of  truncation  on  the  focal-plane  Intanalty  of  a 10.6-u  bean 
from  a l~n  aperture  docuaad  at  0.5  km.  The  vacuum  and  atnoapharlc  pattarna  are  ahown  In  Fig.  Sa  for  a 
unlfom  dlatrlbutlon,  wharaaa  In  Fig.  5b  tha  gauaalan  Intanalty  dlatrlbutlon  la  reduced  to  e~^  at  the  clr- 
cunfaranca  from  Ita  value  at  tha  canter.  In  vacuum  the  truncated  dlatrlbutlon  haa  a focal-point  Intensity 
of  *25  parcant  laaa  than  the  uniform  caaa;  however,  the  affact  of  turbulence  la  to  reduce  both  Intenaltlas 
such  that  tha  dlffaranca  la  only  *10  parcant.  Because  the  MCF  reduces  the  effective  average  coherence 
batwaan  different  radiating  alenanta  of  the  aperture  In  a manner  that  depends  only  on  the  distance  between 
than,  alamants  near  tha  edge  of  tha  aperture  weigh  less  than  those  near  the  center  In  contributing  to  the 
average  Intanalty.  Hanca,  tha  relative  Intanalty  gain  of  a uniform  distribution  over  a truncated-gausslan 
dlatrlbutlon  will  alwaya  be  laaa  than  In  the  vacuun  case.  In  fact,  It  can  be  shown  from  Eqs.  (6)  and  (21) 
that  In  tha  praaance  of  turbulence,  tha  aperture  distribution  which  maximises  the  gain,  G > I (0,f)/T,  la. 
In  general,  not  unlfom  hut  somewhat  peaked  at  the  center  of  the  aperture. 

In  Figs.  6a-6c,  tha  focal-plane  vacuum  and  atmospheric  patterns  are  compared  for  D > 30  cm,  S > 0, 
and  s " f - 0.5  km,  using  the  wavelengths  0.6328  y (He-Ne),  1.06  u (Nd) , and  10.6  u (CO2).  Although  the 
vacuum  Intanaltlaa  at  tha  focal  point  for  tha  shorter  wavelengths  are  greater  (the  "ante..na  gain"  Is  pro- 
portional to  X~2),  the  affect  of  the  atmosphere  for  the  choaan  geometry  essentially  eliminates  the  shorter 
wavelength  advantage  In  focusing  the  beam.  For  larger  apertures,  the  advantage  of  CO2  in  producing  an 
Intense  focal  Intensity  will  be  greater. 

In  Figs.  7a-7c,  for  X - 10.6  u,  the  vacuum  and  atmospheric  focal-plane  patterns  are  shown  for 
D ••  1 a and  d « 0 (uniform  distribution)  at  focal  lengths  of  0.5  km,  5 km,  and  10  km.  The  long-term  effect 
of  tha  turbuianca  at  tha  larger  ranges  Is  to  reduce  the  on-axle  Intensity,  and  to  spread  out  the  beam. 

Hence,  tha  positioning  accuracy  required  to  Illuminate  a target  can  be  considerably  less  than  a vacuum 
calculation  would  Indicate.  As  discussed  above,  the  solid  curves  (with  turbulence  present)  are  relatively 
Insensitive  to  tha  degree  of  truncation. 

Finally,  In  Figs.  8a  and  8b,  the  vacuum  and  atmospheric  on-axls  intensities  are  compared  for  a 10,6-u 
beam  focused  at  0.5  km  with  6-0,  and  D - 30  cm  and  1 m,  respectively.  The  Intensities  are  shown  for  a 
range  of  50  m on  either  aide  of  tha  focal  plana.  Tha  on-axls  Intensity  for  the  30-cm  aperture  case  remains 
reasonably  conatant  over  the  100-m  range,  with  a maximum  at  >30  m on  the  aperture  side  of  tha  focal  plane. 
Tha  axial  distribution  for  tha  1-m  aperture  la  almost  synmatrlc  with  respect  to  the  focal  plane  and  obvi- 
ously requires  graatar  focusing  accuracy  to  produce  tha  available  gain  of  10^  at  a specified  target.  At 
rungea  of  5 and  10  km,  tha  on-axls  Intensities  are  essentially  constant  within  50  m of  the  focal  plane  and 
are  equal  to  the  focal-point  values  of  Figs.  7b  and  7c,  respectively. 

5.  DISCUSSION  AND  CONCLUSIONS 

Based  on  tha  results  of  Secs.  3 and  4,  tha  following  procedure  can  be  used  to  estimate  the  focal- 
point  Intensity. 

First,  from  a knowledge  of  1)  the  Index  structure  constant  Cg,  2)  the  (outer)  scale  over  which  the 
temparature  fluctuations  are  reasonably  corralatad,  Lg  and  3)  the  wave-number  of  the  radiation,  k,  the  mean- 
field  decay  length  can  be  constructed  according  to  Eq.  (10)  as 

r > (0.4kW'3)‘'  . 

c \ no/ 

Then  tha  equivalent  coherent  aperture  slse,  pg,  at  range  s,  can  be  computed  from  Fig.  2.  If  the  smaller  of 
the  two  quantities  (kDpg/i)2,  (kapg/s)2  is  considerably  greater  than  unity,  then  the  intensity  at  the  range 
s can  be  Increased  by  focusing  the  beam  at  that  range.  If  this  Inequality  is  not  satisfied,  no  Intensity 
amplification  can  ba  realised  by  focusing  the  beam. 

Thaaa  eatlmatas  are  also  correct  for  tha  case  of  Inhomogeneous  turbulence  when  Pg,  corresponding  to 
the  a”^  point  of  tha  MCF  for  tha  Inhomogeneous  medium.  Is  used.  The  formula  for  the  apherlcul-wave  MCF  In 
an  Inhomogeneous  medium  Is  given  In  Lutomlrsfci  and  Yura  (1971).  In  either  case.  If  a more  precise  estimate 
of  tha  dagradation  due  to  the  turbulence  is  required,  the  Integral  of  Eq,  (16)  can  be  evaluated.  This  willy 
usually  ba  necessary  when  p„  a or  D.  Hhan  pg  « a,D,  then  the  approximate  formulas  of  Lutomlrekl  (1970) 
«ra  applicable. 
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Whllt  th*  Mpraiilon*  for  P-  depend  on  particular  models  for  the  turbulence  epectrum  for  homogeneous 
turbulence,  end  model  profiles  for  the  Inhomogeneous  case,  the  Intensity  distribution  cen  always  be 
determined  from  Kq.  (6)  If  the  ?XF  la  known.  Hence,  to  predict  the  beam  pattern  from  an  arbitrary  wave- 
front  In  an  aperture,  It  la  the  MCF  that  should  be  measured  rather  than  specific  beam  patterns.  The 
meaauramant  of  turbulence  parameters  that  roly  on  specific  models  for  the  spectrum  are  also  of  limited 
utility. 


This  point  can  be  clarified  by  first  observing  that  Eq.  (16)  la  the  Fourlor-Bessel  transform  of  the 
quantity 


which  can  be  Inverted  to  yield 


(p,*)p  dp 


(24) 


where  ^I^(p,t)  la  the  mean  Intensity  at  a distance  p from  the  axis  at  range  z. 

For  an  arbitrary  dlaturbance  In  the  aperture,  the  function  Mfi  g(x)  given  by  Eq.  (15)  would  be 
replaced  by  the  appropriate  overlap  Integral  of  Eq.  (6).  Equation  (24)  thus  provides  a possible  method 
for  determining  part  of  the  MCF  from  maasuremanta  of  the  beam  pattern. 

However,  because  Kg  g(p/D)  > 0 for  p 2 D,  inverting  the  Intensity  distribution  can  give  no  Informa- 
tion regarding  Ms(p,z)  for 'spatial  separations  larger  than  the  diameter  of  the  transmitting  aperture.  In 
particular,  to  determine  the  distance  Zc  from  a beam  pattern  measureirient , It  would  be  necessary  to  have  an 
aperture  diameter  greater  than  the  largest  scale  of  turbulence,  Lq,  which  slight  be  of  the  order  of  meters. 
Hence,  If  one  can  detenilne  the  spherical-wave  MCF  for  all  spatial  separations  at  a given  range  (a.g. , by 
using  an  Interferometer) , one  can  Infer  the  Intensity  distribution  from  an  arbitrary  aperture  distribution 
at  that  range,  while  the  reverae  la  not  true  unless  apertures  greater  then  the  coherence  length  at  that 
range  can  ba  constructed.  Even  If  the  beam  pattern  were  mi'iasured,  Mg(p,s)  would  first  have  to  be  con- 
structed from  Eq.  (24)  from  the  given  sMasurement  to  determine  the  general  response.  Therefore,  for  design 
purposes,  direct  swasuramenta  of  the  MCF,  which  ere  notably  lacking,  are  required. 
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SUMMARY 


A wavefront  folding  interferometer  has  been  constructed  with  which  the  long  time- 
averaged  modulation  tran:;fer  function,  Ml'F,  of  the  atmosphere  (ie,  the  long  time- averaged 
mutual  coherence  function)  may  be  measured.  The  instrument  was  \ised  to  determine  the  MTF 
over  10  nights  in  June  1974  at  Mauna  Kea  Observatory,  Hawaii,  using  bright  stars  as 
sources.  The  form  of  the  MTF  at  separations  of  a few  centimetres  in  the  pupil  agreed 
with  that  predicted  on  the  basis  of  a Kolmogorov  spectrum  of  turbulence,  but  there  was  a 
departure  at  larger  separations.  The  MTFs  were  highly  variable  both  from  hour-to-hour 
and  night-to-night;  the  wavefront  correlation  region,  tq,  varying  from  approximately  4 
to  20  cm.  Increasing  the  zenith  angle  generally  decreased  the  correlation  region,  but 
no  exact  relationship  was  observed. 

It  is  hoped  to  construct  a new  interferometer  with  direct  output  of  the  MTF.  The 
design  of  this  instrument  will  be  outlined. 


1.  INTRODUCTION 

Turbulence  In  the  atmosphere  causes  refractive  induTC  fluctuations  along  the 
optical  path  from  a light  source  to  an  observer.  These  result  in  the  phenomena  of 
scintillation.  Increased  image  size  and  image  motion.  The  modulation  transfer  function, 
MTF,  of  the  atmosphere  may  be  used  to  completely  describe  the  degrading  effects  of 
atmospheric  turbulence  on  an  imaging  system. 

In  most  astronomical  applications  the  long-exposure  MTF  is  more  appropriate  than 
the  short-exposure  MTF  which  does  not  take  account  of  image  motion.  The  long-exposure 
mutual  coherence  function  also  Influences  the  form  of  the  instrumental  transfer  function 
for  unconventional  imaging  techniques  in  astronomy,  such  as  speckle  interferometry 
(Dainty  J.C.,  1973,  Korff  D,  1973).  Thus  the  atmosj^erlc  MTF  is  an  important  parameter, 
particularly  in  the  selection  of  a site  for  an  astronomical  observatory  or  the 
specification  of  the  quality  of  an  astronomical  telescope  (Brown  D.S.,  1975). 

A wavefront  folding  interferometer  has  been  constructed  (Dainty  J.C.  and  Scaddan 
R.J. , 1974)  that  measures  the  long  time-averaged  mutual  coherence  function  of  the 
wavefront  arriving  at  a telescope  pupil;  it  can  be  shown  that  this  function  is 
proportional  to  the  atmospheric  MTF  if  the  light  source  is  effectively  a point  source. 

The  instrument  was  used  at  Mauna  Kea  Observatory,  Hawaii,  for  a series  of  MTF  measurements 
over  a period  of  ten  nights  in  June  1974  (Dainty  J.C.  and  Scaddan  R.J.,  1975).  Hawaii 
is  one  of  the  proposed  sites  for  the  Northern  Hemisphere  Observatory.  The  form  of  the 
MTFs  and  their  variation  with  time  and  zenith  angle  were  orlefly  Investigated. 

A similar  Interferometer  has  been  used  by  Breckinridge  (Breckinridge  J.B.  , 1974) 
to  display  the  real  part  of  the  two  dimensional  Fourier  transform  of  a stellar  source. 


2 . THEORY 

For  quasi-monochromatic,  spatially  incoherent  light,  the  image  and  object  in  any 
imaging  system  are  related  in  the  spatial  frequency  domain  by 

i(u,v)  « o(u,v).  T(u,v)  (1) 

where  i(u,v)  and  o(u,v)  are  the  Fourier  trans&xms  of  the  image  and  object  intensities 
respectively,  T(u,v)  is  the  modulation  transfer  function  and  (u,v)  are  spatial  frequency 
variables. 

It  can  be  shown  (Hufmgel  R.E.  and  Stanley  N.R. , 1964,  Fried  D.L.,  1966  and 
Dainty  J.C.,  1973)  that  the  atmospheric  transfer  function,  T (u,v) , is  equal  to  the 
normalised  time-averaged  autocorrelation,  r(x,y),  of  the  complex  amplitude,  U(x,y),  at 
the  telescope  pupil  due  to  an  unresolved  star: 


i nJtdMSt,  idlU  'ty  .in 


where  <I>  Is  the  long  time- averaged  Intensity  and  spatial  frequencies  In  the  Image  and 
distances  In  the  pupil  are  related  by 


where  X Is  the  wavelength  of  light  and  f Is  the  focal  length. 

Thus  the  atmospheric  transfer  function  can  be  measured  by  an  Instrument  designed 
to  measure  spatial  coherence.  The  essential  features  of  the  present  Instrument  are  shown 
In  Figure  1.  The  design  Is  based  on  an  Interferometer  (Wessely  H.W.  and  Bolstad  J.O. , 1970) 
In  which  t)>e  transfer  function  Is  determined  simultaneously  at  all  spatial  frequencies. 

It  Is  basically  a Mlchelson  Interferometer  In  which  a roof-prism  In  one  arm  reverses  the 
wavefront  about  the  y axis  so  that  the  time-averaged  output  Intensity  Is  given  by 

- <|u(x,y)  +U(-x,y)P> 

- 2{<I>  + Re  r(2x,o)  } (4) 

Tilt  fringes  may  be  Introduced  parallel  to  the  y axis  so  that 

<Iout’'  “ 2{<I>  + R^r(2x,o)  cos  (2k. sine. X + Aif(x))}  (5) 

where  e la  the  tilt  angle,  k = and  A4(x)  ■=  ?(x,y)  - ♦(-x.y)  Is  a difference  term 

for  the  phase  aberrations  of  the  telescope  and  Interferometer. 

The  spatial  coherence,  r.  Is  real  and  has  rotational  symmetry  for  Isotropic  seeing 
and  therefore  the  atmospheric  MTF  can  be  found  from  the  envelope  of  a set  of  cosine  fringes. 

It  should  be  noted  that  any  aberrations  only  affect  the  spacing  of  the  fringes  and 
not  their  envelope  so  that  the  measurement  Is  Independent  of  aberrations  provided  that 
A4(x)  Is  much  less  than  the  coherence  length  of  the  light,  le, 

A*(x)  <<  ^ (6) 

AX 

where  AX  Is  the  optical  bandwidth.  This  condition  is  easily  met  In  practice. 


3.  INSTRUMENT 

The  general  arrangement  of  the  con^onents  mounted  on  the  12.5  mm  thick  aluminium 
alloy  base  Is  shown  In  Figure  2.  The  Instrument  is  attached  to  the  Cassegrain  focus  of  a 
telescope  so  that  light  enters  the  Interferometer  via  a hole  In  the  base  and  a beam 
bending  mirror.  This  mirror  transmits  a few  percent  of  the  light  to  a guiding  eyepiece. 

The  collimating  lenses  not  only  provide  a parallel  beam  of  light  In  the 
interferometer,  but  also  image  the  telescope  pupil  onto  the  roof  prism.  Ghost  Images  in 
the  interferometer  are  prevented  by  arranging  the  beam-splitter,  compensator  and  prism 
face  to  be  at  Brewster  angle  incidence  to  minimise  reflection  of  the  'p'  polarisation 
which  Is  subsequently  selected  In  the  exit  beam  with  a polarising  filter.  The  beam- 
splitter is  coated  with  a dielectric  multilayer  which  reflects  40  percent  of  the  'p' 
polarisation.  The  Image  of  the  fringes  superimposed  on  the  telescope  pupil  is  recorded 
through  an  interference  filter  using  a Spectracon  image  tube  (McGee  J.D.,  et  al,  1972). 
The  reflecting  faces  of  the  roof  prism  meet  at  an  angle  of  90°  *1  arc. sec.  and  the  edge 
has  a radius  of  curvature  of  less  than  0.1  mm.  The  plane  mirror  is  mounted  in  an  'Aero- 
Tech*  Interferometric  mount  which  allows  precise  positioning  of  the  fringes.  All  of  the 
optical  components  are  figured  to  give  individual  wavefront  aberrations  of  less  than  X/4 
over  a 25  mm  aperture. 

The  Interferometer  may  be  adjusted  to  have  zero  path  difference  between  its  arms 
by  successive  use  of  local  mercury  and  tungsten  filament  lamps  which  can  be  viewed  via  a 
moveable  mirror.  The  star  Image  may  then  be  correctly  positioned  and  focussed  using  an 
eyepiece  arrangement  and  the  Foucault  knife-edge  test.  If  the  star  Image  is  not  co-axial 
with  the  local  source,  the  orientation  and  spacing  of  the  fringes  will  be  different. 
Another  eyepiece  and  moveable  mirror  are  provided  for  exaunlnlng  the  image  falling  on  the 
Spectracon  photocathode. 

The  image  of  the  telescope  pupil  Is  recorded  at  a scale  of  approximately  ^/50 
and  an  Image  of  the  star  may  be  recorded  at  a scale  of  0.22  mm/arc. sec  by  exchanging  the 
output  lens.  This  allows  comparison  of  the  star  image  and  the  point  spread  function 
computed  from  the  atmospheric  MTF. 
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4.  ANALYSIS 

Due  to  the  large  number  of  fringe  images  that  were  recorded,  it  was  necessary  to 
select  approximately  25  by  visual  inspection  that  were  representative  of  particular  nights 
or  effects.  These  were  scanned  with  a Joyce-Loebl  microdensitometer  with  a slit  size  of 
40  vm  by  3.0  mm,  le,  equivalent  to  2mm  by  150mm  on  the  telescope  pupil.  This  density 
distribution  is  directly  proportional  to  the  image  Intensity  distribution  due  to  the 
linear  relationship  between  density  and  exposure  for  the  spectracon  image  tube.  The 
fringe  envelope  for  each  pattern  was  drawn  in  by  hand  and  re-plotted  on  a normalised 
scale. 


The  fringe  envelope  was  then  corrected  for  the  effect  of  the  bandwidth  of  the 
Interference  fitter  used  in  the  measurement  by  dividing  by  the  tenporal  coherence  function 
of  the  filter.  This  was  determined  by  Fourier  transformation  of  the  spectral  transmittance 
function  of  the  filter.  It  was  assumed  that  both  the  energy  distribution  of  the  star  and 
the  spectral  sensitivity  distribution  of  the  Spectracon  were  constant  over  the  passband 
of  the  filter  (halfwidth  approximately  30nm  centred  at  520nm) . 

The  star  images  were  scanned  along  a diameter  with  a 30  pm  square  aperture  in  the 
microdeiisltometer  to  give  the  point  spread  function  due  to  the  atmosphere  and  the 
instrument . 


5.  RESULTS 

Measurements  of  the  atmospheric  MTF  were  made  with  a 61  cm  telescope  at  Mauna  Kea 
Observatory,  Hawaii,  from  21  to  30  June,  1974,  inclusive.  Table  1 lists  some  of  the 
meteorological  data  for  that  period  and  a visual  estimate  of  the  seeing  on  each  night 
made  with  the  61  cm  telescope. 


Date 

Night 

Temp,  at 
24.00  hrs, 
°C 

Average  wind 
speed,  MPH 

Obscuration 

Visual  See: 

June  21 

1 

-3.3 

30 

Poor 

22 

2 

-2.2 

40 

- 

Average 

23 

3 

-1.3 

22 

- 

Good 

24 

4 

-1.1 

7 

- 

Good 

25 

5 

-2.0 

5 

- 

Average 

26 

6 

0.3 

18 

Thick  cirrus 

Average 

27 

7 

-0.5 

40 

Thin  " 

Average 

28 

8 

-1.5 

25 

Thin  " 

Good 

29 

9 

1.0 

17 

Thick  " 

Good 

30 

10 

3.3 

4 

Thin 

Good 

* Poor; 

image  'diameter' 

>3  arc. sec. 

Average ; 

image  'diameter' 

1.5-3  arc. 

sec. 

Good: 

image  'diameter' 

<1.5  arc. sec. 

Table  1 


The  stars  used  as  sources  were  mainly  a-Lyrae  and  a-Bootls  which  may  be  considered 
as  unresolvable  over  apertures  relevant  to  the  present  measurements.  Exposure  times  for 
fringe  pictures  through  a 30  nm  halfwidth  filter  were  approximately  60  s when  a 40  kV 
potential  was  applied  across  the  Spectracon  and  G5  emulsion  was  used  (developed  for  5 min. 
in  D19).  Exposure  times  for  star  Images  were  approximately  8 s through  an  8 nm  halfwidth 
filter. 


Typical  atmospheric  MTFs  for  each  night  are  shown  in  Figures  3 and  4.  The  abscissa 
is  given  both  in  cycles/arc. sec.  and  in  centimetres  in  the  pupil.  The  curves  are 
considered  to  be  accurate  to  approximately  5 percent  at  modulations  greater  than  0.2,  but 
reliable  values  for  modulations  less  than  0.1  cannot  in  general  be  given  because  of 
measurement  noise  and  the  effect  of  correcting  for  temporal  coherence.  All  of  these 
measurements  were  taken  within  20°  of  the  zenith. 

A comparison  is  made  in  Figure  5 between  a section  through  a point  spread  function 
(PSF)  computed  by  Hankel  transformation  of  a measured  atmospheric  MTF  euid  a measured  PSF. 

The  measured  PSF  is  wider  due  to  Imaging  aberrations  in  the  Instrument  and  microdensitometer. 
This  result  indicates  the  advantage  to  be  gained  by  measuring  the  murual  coherence  function 
of  the  wavefront  in  the  pupil  rather  than  the  intensity  distribution  in  the  image  plane. 
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Figures  6 and  7 give  the  computed  atmospheric  ?SFs  corresponding  to  the  atmospheric 
MTFs  shown  in  Figures  3 and  4.  The  shapes  of  the  PSFs  are  somewhat  uncertain  due  to  the 
relatively  large  effect  of  the  tails  of  the  MTFs  (the  region  where  the  accuracy  is  lowest) . 
However,  it  can  be  seen  that  on  a few  nights,  most  of  the  image  energy  was  enccn^assed 
within  a circle  of  1 arc. sec.  diameter. 

Throughout  some  nights  there  was  a large  variation  of  the  MTF.  This  is  typified 
by  Figure  8 showing  the  variation  on  the  third  night.  On  this  occasion  the  seeing  Improved 
throughout  the  night,  but  as  the  reverse  was  sometimes  observed,  it  cannot  be  said  whether 
this  trend  was  characteristic  of  the  site. 

The  variation  of  MTF  with  zenith  angle  was  briefly  Investigated.  It  can  be  shown 
(Hufnagel  R.G.  and  Stanley  M.R. , 1964,  Fried  D.L.,  1966)  that  the  long-exposure 
atmospheric  MTF,  M(p) , can  be  expressed  as 

M(p)  exp{-%D(p)}  (7) 

where  D(p)  is  the  wave  structure  function  and  p is  the  correlation  distance  in  the  pupil. 

For  locally  Isotropic,  homogeneous  turbulence  with  a Kolmogorov  turbulence  spectrum  and  a 
stellar  object 


D(p) 


2.91  )c^  sec  a pVS 


r c„2(h)dh 

hi 


(8) 


Where  )c  is  the  wave  number  ^ght,  fi  is  the  zenith  angle,  Cn(h)  is  the  refrective  index 
structure  constant  and  a cunc-tlon  of  height  h and  h\  is  the  height  of  the  observatoxry 
above  the  ground. 


Prom  equation 8 (7)  and  (8)  we  may  write 


ln{-lnM(p))  - Hli'P  + I''  * + ln(1.451t^  /“  C2(h)dh)  (9) 

n 

so  that  for  two  zenith  angles,  Bi  and  Bj,  graphs  of  ln{-lnM(p) ) versus  In  p should  be 
straight  lines  of  slope  equal  to  ^ and  vertically  separated  by  ln{sec  Bi/sec  B2).  Figure 

9 shows  the  atmospheric  MTFs  measured  at  zenith  emgles  of  10°  and  47°  a sh<^rt  time  apart 
on  the  fifth  night.  The  value  of  (sec  Bi/sec  B2)  for  these  angles  is  1.44,  while  that 
measured  from  the  figure  is  1.68  at  distances  of  up  to  5 cm  In  the  pupil.  It  was  not 
possible  to  obtain  much  quantitative  data  In  the  time  available,  but  It  was  generally 
found  that  the  seeing  was  better  at  the  zenith  than  at  large  angles  from  the  zenith.  In 
addition  to  the  time  variation  of  seeing  through  many  nights,  there  was  also  An  apparently 
random  angular  variation  that  may  have  been  caused  by  local  turbulence,  wind  or  cloud  cover. 

It  should  be  noted  that  the  results  presented  here  are  typical  values  for  only 

10  nights.  A summary  is  given  in  Table  2 which  lists  the  widths  of  the  MTFs  and  PSFs  at 
the  25  percent  level.  Also  listed  are  values  of  r^  as  defined  by  Fried  (Fried  DL,  1966). 

M(p)  * exp  {-3.44(fr  ) Vs)  (10) 


25  percent  level 

width 

Observation 

MTF 

PSF 

*^o 

cycle/arc. sec.  cm 

arCa  sec. 

cm 

la 

0.  38 

4.1 

1.1 

7.1 

lb 

0.22 

2.4 

1.3 

4.1 

2 

0.41 

4.3 

1.8 

7.4 

3 

0.87 

9.4 

0.8 

16.2 

4 

0.80 

8.6 

1.0 

14.8 

5 

0.49 

5.3 

1.4 

9.1 

6 

0.57 

6.1 

1.1 

10.5 

7 

0.71 

7.6 

0.9 

13.1 

8 

1.04 

11.2 

0.7 

19.3 

9a 

0.87 

9.4 

1.0 

16.2 

9b 

1.02 

11.0 

0.8 

19.0 

10 

0.84 

9.0 

1.0 

15.5 

Table  2 
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6.  DISCUSSION 


A feature  of  the  results  of  this  study  is  the  highly  variable  nature  of  the 
atmospheric  KIF.  There  appeared  to  be  three  time  scales  of  variation:  a rapid 
fluctuation  (greater  than  a few  Hz)  observed  by  eye  when  setting  up  the  fringes,  an  hour- 
to-hour  variation  and  a night-to-night  variation.  This  suggests  that  the  statistics  of 
the  time  variation  of  the  MTP  should  be  studied  and  that  any  model  of  the  atmosphere 
should  include  a time  varying  factor. 

From  equation  (9)  it  can  be  seen  that  for  turbulence  with  a Kolmogorov  spectrum 
the  atmospheric  MTF  should  be  a straight  line  of  slope  equal  to  5/3  when  plotted  on 
logarithmic  scales.  Such  graphs  are  given  in  figures  10  and  11  for  the  MTFs  measured  on 
nights  1 to  5 and  6 to  10,  respectively.  It  appears  that  the  Kolmogorov  two-thirds  law 
is  approximately  obeyed  only  for  small  distances  in  the  pupil.  For  t.ie  case  of  a modified 
von  Karman  spectrum,  the  form  of  the  MTF  is  given  by 

M(p)  -exp  {-1.45k2sec  fl  p0  ^ lo<<P<<I-o  (11) 

where  ito  ••  ^®/2n  and  Lq  and  In  are  the  outer  and  inner  scales  of  turbulence,  respectively. 
To  evaluate  this  expression  the  distributions  of  Lg  and  with  height  must  be  )cnown; 
values  of  the  former  are  rare,  especially  under  the  temperature  inversion  conditions 
usually  found  at  night. 

For  the  simple  case  of  constant  values  of  Lg  and  , the  form  of  the  MTF  is  as 
shown  in  Figure  12  for  six  values  of  iig.  Different  values  of  (h)  , )c  or  sec  B will 
merely  shift  the  curves  up  or  down  the  ln{-ln  M(p) }axis.  it  can  be  seen  that  the  shape 
of  the  curves  is  similar  to  that  measured,  but  the  overall  slope  is  lower. 

7 . FUTURE  WORK 

It  is  planned  to  construct  a new  interferometer  in  which  the  fringe  modulation  at 
one  separation  in  the  pupil  is  determined  in  real  time.  The  basic  layout  of  the 
instrument  will  be  retained  except  for  the  polarising  components  and  double  photomultiplier 
system  shown  in  Figure  13.  The  beams  are  shown  sheared  in  the  Interferometer,  although 
several  alteimative  arrangements  are  possible.  In  this  technique  the  input  beam  is  plane 
polarised  at  45“  to  the  horizontal  and  a quarter-wave  plate,  placed  in  one  arm,  has  an 
optical  thlclcness  are  quarter  of  a wavelength  different  for  the  vertical  component  of 
polarisation  with  respect  to  that  for  the  horizontal  component.  A polarising  beam- 
splitter in  the  output  beam  separates  the  two  polarisations  which  are  measured  by  two 
identical  photomultipliers  and  scanning  slits  aligned  to  the  fringes  at  the  same 
separation  in  the  pupil. 

For  one  polarisation,  the  output  Intensity  distribution  may  be  ta)ten  as  equation 
(5) . For  the  other  polarisation: 

<Iout>  - <|u(x,y)  -t-  U(-X,y)e  I ^ > 

- 2{<I>  Re(r(2x,0)e 


When  the  tilt  fringes  are  introduced: 

<Iout*  " 2{<I>  Rer(2x,0)sln(2)c  sin  Bx  + A4(x  ))  (13) 

By  subtracting  a voltage  proportional  to  the  average  intensity,  <I>,  (measured  by 
a third  photomultiplier,  say,  in  the  other  exxt  beam  of  the  Interferometer)  from  both  of 
the  photomultiplier  signals  and  ta)(lng  the  square  root  of  the  sum  of  the  squares  of  the 
signals,  it  is  possible  to  obtain  a voltage  proportional  to  r(2x,0).  This  voltage  may  be 
recorded  by  a magnetic  tape  or  chart  recorder.  The  exposure  time  is  determined  by  the 
time  constant  of  the  amplifiers  or  the  integration  time  of  the  photon  counting  channels. 

The  principal  advantage  of  this  system  is  that  the  fringe  modulation  is  directly 
avalleJsle  so  that,  say,  the  statistics  of  the  time  variation  of  the  atmospheric  MTF  at 
one  separation  in  the  pupil  may  be  easily  measured.  As  this  separation  in  the  pupil  need 
not  coincide  with  a fringe  maximum,  less  fringes  are  required  across  the  image  of  the 
telescope  pupil  so  that  the  temporal  coherence  function  of  the  filter  is  a less  critical 
facto;-. 


The  main  disadvantage  of  the  readout  system  is  that  the  MTF  is  not  measured 
simultaneously  at  all  separations  in  the  pupil. 
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in  the  x direction. 
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arc  sec 

Figure  5 Comparison  of  point  spread  functions  obtained 
by  direct  measurement  (contains  aberrations 
of  Imaging  optics)  and  by  computation  from 
the  MTF  (Independent  of  eUserratlons) . 


Point  spread  functions  due  to  seeing  computed 
from  typical  MTFs  for  nights  1 to  5. 


*lVi^T[*^WT'i~  i‘i<afntiiriiM‘i'k  •t'hi  -rtfj’ii'iii  nr  t~i 


Figure  6 


MTF  curves  of  Figure  3 for  nights  1 to  5 re- 
plotted on  logarithmic  scales.  For  a Kolmogorov 
spectrum  the  slopes  should  equal  5/3. 


feet  of  outer  scale  of  turbulence  on  theoretical 
F curves  plotted  on  logarithmic  scales  for  *0 
lues  of  2,  5,  10,  15,  25  and  100  cum.  Curves 
■e  arbitrarily  normalised  to  M(p)  = 0.95  at  p*  1 


Polarising 

beam-splitter 


Figure  13  Diagram  of  proposed  Interferometer  showing 

polarising  components  eind  the  fringes  obtained 
In  the  two  output  beams. 
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INTENSITY  CORRELATION  OF  RADIATION  SCATTERED  ALONG  THE  PATH  OF  A LASER  BEAM 
PROPAGATING  IN  THE  ATMOSPHERE  . 

M.6«rtolotti , Istituto  di  Fiaica  Ingegnaria,  UnivapsitA  di  Roma,  Roma,  Italy 

H.Carnavala,  B.Croaignan i , B.Daino,  P.Di  Porto,  Fondaxiona  U.Bordoni,  Viala  Trastavara, 
108,  Roma,  Italy 


SUMMARY 


Corral  at  ion  proparti  as  of  tha  alactromagnatic  fiald  scattarad  away  from  tha 
direction  of  propagating  of  a laser  beam  are  studied.  Tha  correlation  could  be  used  for 
whenever  a direct  measurement  of  the  scattered  intensity  is  difficult  due  to  background 
radiation. 

Besides,  correlation  measurements  can  he  conned ed  with  the  scale  of  atmosphe- 
ric turbulence. 

1.  INTRODUCTION 

The  purpose  of  this  communication  ia  to  study  the  characteristic  features  of 
light  scattered  away  from  a laser  beam  travelling  in  the  turbulent  atmosphere. 

It  will  be  demonstrated  that  this  scattered  light  has  coherence  properties  dif 
ferent  from  the  background  and  this  fact  can  be  used  in  principle  to  discriminate  in  a 
detector  the  contribution  of  scattered  laser  light  from  the  surrounding  sun  light. 

Let  us  consider  a laser  beam  travail  ng  in  the  turbulent  atmosphere  and  a pho- 
tomultiplier which  sees  a segment  C of  the  beam  through  a solid  angle  (S.Fig.l). 

The  electric  field  of  the  light  impinging  on  the  photomultiplier  can  be  written  as 

E,  *Eb  _ (i> 

>.jhere  E.  is  the  electric  field  due  to  the  scattered  laser  light  and  H- g is  the  elec- 
.i'lc  fi  due  to  the  background  produced  essentially  by  sun  light  scattered  by  the  atmo 

sphei'c  the  photomultiplier. 

If  we  look  a the  second  order  correlation  function  of  the  field  we  have 


< I E^<u|'‘|e'^(o)1V  = < t » E»(oM*>  (2) 

which  due  to  the  statistical  independence  of  the  fields  £ i,  and  Eg  is  simply 

+<1EbW1^1Es(o)I^>  + 

+ - < t[<  t c.i.j  (3) 


Now  lot  us  put  at'*  '''tion  to  the  temporal  behavior  of  our  correlation  function.  The  corr 
I at  ion  time  of  th  :kground  fi  etfd  is  very  short  so  that,  on  the  time  scale  of  th 
measurement. 


Esfo)|'®>  - < 


a la 
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< . F * (O)  > - 0 

Finally,  wa  hava 

4 <-  I E‘i.^o)l'S>  1 

Tha  aacond  ordar  crrralation  function  of  tha  total  fiald  on  tha  photomult ipl iar  ia  thar^ 
fora  juat  aqual,  baaidaa  a conatcnt  tarm,  to  tha  aacond-ordar  correlation  function  of 
tha  acattarad  laaar  fiald  . 


2.  CALCULATION  OF  THE  SECOND-ORDER  CORRELATION  FUNCTION  OF  SCATTERED  LASER  LIGHT  . 

Let  ua,  now,  consider  tha  first  and  aacond-ordar  correlation  function  of  tha 
electric  fiald  scattered  by  an  ansambla  of  identical  Mia  particles  ambaddad  in  tha  ata^ 
sphere,  under  sinpla  scattering  approximation.  This  will  allow  us  to  have  an  insight  into 
the  statistical  properties  of  tha  scattered  radiation,  which  will  be  shown  to  differ 
from  those  of  a chaotic  fiald. 

Wa  suppose  acattarara  undergoing  turbulent  and  Brownian  motions-  stochastic  in 
nature,  as  wall  as  a deterministic  motion  due  to  a drift  velocity  11^  of  fitmosphara, 
and  an  incident  fiald,  with  fixed  polarization  and  with  amplitude  and  phase-fluctuations, 
which  are  essentially  due  to  the  influence  of  tha  atmosphere. 

The  incident  field  is  given  by 


(5) 


where  is  a stochastic  real  vector  with  a fixed  direction  and  ^ ( r , t ) a ran  - 

dom  phase,  COi  and  representing  respectively  the  average  angular  frequency  an^wave 
number  ( Kx » ^i/c  ) of  v<ie  quasi -monochromatic  incident  field.  Both  quantities  BjCti 
and  A***  supposed  to  suffer  temporal  fluctuations  over  time  scale  much  larger^ 

than  the  character i st ic  period  of  light.  The  spatial  Coordinate  does  not  appear  in  tj-(h) 
while  the  phase  jS  is  allowed  to  fluctuate  over  a generical  distance  ^ . 

The  scattered  field  R , t)  is  of  the  form 


(6) 


Isl 


— r 

where  ^(b)  ia  a real  vector  d^endii^  on  R with  a fixed  direction  and  a magnitude 
following  the  fluctuations  of  depends  on  R » 0^  (having  chosen 

the  origin  of  coordinates  in  a point  inside\^'^  ),  and  the  index  i ranges  over  the 
scatterers,  whose  number  N is  supposed  to  undergo  ntraligible  fluctuations.  In  writing 
Eq.(6),  we  have  made  the  realistic  assumptions  that  ^ 
the  time  interval  6s /c  spent  by  light  in  crossing 


(b)  does  not  vary  appreciably  in 
that  \T  <■<  4 and  that 


I (2)  ( ^ ^ Co^o)  I <r-c 


where  V~  labels  an  average  scatterer  velocity,  since  this  details  the  possibility  of 
neglecting  retardation  effects  between  the  microfields  scattered  by  each  particle  and  to 
use  a unique  time  b -R/^.  We  have  also  used  the  relation  to  the 

slowness  of  amplitude  fluctuations. 

We  have 


(7) 
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wher«  X/s  Uo^y'>  y b«i  ng  th*  fluctuating  turbulent  atmoepheric  ve  locity,  C^) 

rapreaanta  the  d i ap I acement  of  the  i-th  particle  in  the  time  interval  I 0 / b)  aasociated 
with  Brownian  motion,  and  = T^Co'). 

Introducing  Eq.(7)  into  Eq.(6)  wa  obtain 


p?  - . 7?*  . -»  ^ t C K • l/p  - Oj 

t L^b)  • E L Co)  > =;  J\[  (h)  - Co)  > e.  < e ^ 


X e 


“ ><  e ' 


(8) 


where  the  symbol  <”  • indicates  eneemb  I e-averaging  operation,  V"  (t,  labels  _^he 

position  at  time  b-  of  the  scattering  element  started  at  position  ^ at  time  -to  • '^^Ch) 
is  the  Brownian  displacement  undergone  by  an  arbitrarily  chosen  particle  in  a time  inter 
val  b.  I baa  been  made  of  the  statistical  independence  between  the  quantities 

enclosed  in  different  brackets  and  of  the  vanishing  of  the  terms  with  j due  to  th< 

relation  (<*1,  and  f.  are  not  correlated  for  i ^ j ) . The  small  turbulent 

and  Brownian  displacements  have  been  neglected  with  respect  to  the  spatial  scale  of  the 
fluctuations  of  ^ . The  incident  field  has  been  assumed  to  be  stationary  and  the  scat- 

tering system  homogeneous  and  stationary. 

Let  us  consider  the  four  averages  appearing  in  Eq.(8).  Assuming  a log-normal 
probability  distribution  for  the  amplitude  ^ 

e 

J?if  (9) 


P(fl)  = ^ 


one  has 

< A > ^0 

, z 


(10) 


which  is  consistent  with 


Pi  C't)  fl (0)  > = f]f( (h)  + 


and 

amp  I i - 


where  Vt(b)  plays  the  role  of  temporal  normalized  amplitude  correlation  function 
ranges  from  Vi  Co)  ■=;  4.  to  \n(ti)‘:x  Oy  fcj  represent  i ng  the  "correlation  time"  of 
tude  fluctuations. 

The  second  average,  involving  the  turbulent  velocities,  is  given  by 


(12) 
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with  II  “ U • k/k  , where  we  have  used  the  fact  that  does  not  vary  appreciably  in 
the  amal I time  necessary  for  the  vanishing  of  E(t)  • ?*(0) ^ (see  Eq.l7),  and  the 


property 

< e > = e 

valid  for  a normally  distribute  variable  . 

The  Brownian  factor  is 

- k^KT  t 

<"  e > =.  e 


(13) 


(14) 


where  K is  the  Boltzmann's  constant,  T the  absolute  temperature,  m the  particle  mass 
and  o<  a6'ira'l[^/m,  with  a and  representing  respectively  the  radius  of  the  par_ 
tide  and  the  coefficient  of  vitfcosity  (Chandrasekhar,  S.,1943)« 

The  fourth  average  can  be  written  as 


< e 


- ^ ^ 


(15) 


where  we  have  used  Eq.(l3)  and  the  assumption 

< zr  (pcr)CCt) 


(16) 


with  ^ (r)  and  G(t)  ranging  from  unity  to  zero  respectively  over  the  intervals 
(O,  S ) and  (0,t  ),  £ and  t representing  the  correlation  I enijth  and  the  correlation 
of  this  ph  vse  f I u8tuat?ons . 

By  using  E<|s,(ll),  (12),  (14)  and  (15)  one  can  write  the  expression  of  the  ^ 


first  order  correlation  function  given  by  Eq.(8)  as 


f ' E L > = N Ao  [( e - 1)  In  (t)  + -ij  e- 


X e 


(17) 


Let  us  now  evaluate  the  second  order  correlation  function.  From  Eq.(6)  we  have 
X ^ 0 O <>  o * ' 


- ' [ K ‘■io  k,  t)  - ^ Kt)  <■  -f<K„0)'] 


(18) 


= ^\pi\h)R\o)y  + NiN-^)<:f\\k)h\o)y  < e'^ 


X e 


~ ^ t) 

X ^ > 


>.^<e 

J 
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Th«  first  term  on  the  R.H.S.  of  Eq.(l8)  corresponds  to  i^J  and  £-  the  second  term 
corresponds  to  i?  , while  all  the  other  terms  vanish  due  to  the  presence  of  ra_ 

pidly  oscillating  factors  of  the  kind  exp  (i]<>i^). 

We  now  observe  that  Eq.(9)  implies 


0 


< =.  a;  e 

which  is  consistent  with 

.1 


(19) 


(20) 


where  g(t)  behaves  as  h(t). 

The  use  of  Eqs.(20),(l4)>(l6)  and  of  Eq.(l3)>  applied  to  the  Gaussian  fluc_ 
tuations  of  phases  and  turbulent  velocities,  allows  to  write  Eq,(l8)  in  the  form 


< |ELa)l’'|EiC0)l'->  = A/'a;  t ij 


X }\  e 

Vs 


(21) 


where  f is  the  normalized  correlation  function  of  velocity  fluctuations  defined  as 


(22) 


and  N(N-1)2;N' 


The  two  Eqs.(l7)  and  (2l)  furnish 


[(e^  --t  til 


+ 


(23) 


X 


W«  observe  that  Eq.(23)  shows  the  departure  of  the  scattered  field  from  a 
chaotic  Gaussian  radiation,  which  would  behave  as  (Glauber,  R.J.,1963) 

is  connected  with  the  intensity  and  phase  fluctuations  of  the  incident  field,  as  well 
as  with  the  ones  of  the  turbulent  velocities. 

Equation  (21)  indicates  that  the  asymptotic  value 


< I EifT'C’)  I ‘1  Ft  I > = < I eut)  I 


is  reached  with  the  ch^^racter i st ic  time  s^ale  t^,  and  with  the  smallest  between  the 
two  times  t^  - m c><  A K T , t^  “ lA<^Uj>  in  the  case  Vg/V^>  > 1,  represon_ 
ting  the  correlation  volume  of  turbulent  velocities.  For  Vg/V^  1,  t^  tends  to 

infinity. 

Let  us  now  consider  the  situation  of  spatial  fluctuaticn  of  the  incident 
amplitude  taking  place  over  a correlation  length  such  that  <r<  Vg  . The  star__ 

ting  Eq.(7)  has  to  bo  modified  by  means  of  the  substitution 


which  implies 


^ E L^t)  • > - /V  Ao  l,(  - ±)  U ( ir)  s iOo  {)  i-  ±] 


having  assumed 


with  s(r)  ranging  from  unity  to  zero  over  the  interval  (O,  -^l)  , and  turbulent  and 
Brownian  displacements  negligible  with  respect  to  in  the  times  of  interest. 

The  aecojid  order  correlation  function  can  be  obtained  by  observing  that 
the  assumption  implies,  in  practice,  statistical  independence  between  am- 

plitude relative  to  positions  of  different  particles,  so  that 


C e) 


can  correctly  neglect  the  N terms  with  i“j“  ^ "“m)  and  (see  Eq.(27)) 

< + ^ 


■aiiBTiKiiiiiw 
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2 2 

We  must  now  eubetitute  the  factor  <' A (t)A  (0)>  in  the  first  and  eecond  terms  in  the 
R.H.S.  of  Eq.(l8)  respectively  with  the  R.H.S.  of  Eqs.(28)  and  (29)  » thus  obtainin9 
with  the  help  of  Eq.(2l) 

f.  (30, 

7 J)  ^ 


V, 


where  we  have  assumed  a small  phase-correlation  Imgth  satiafyinq  the  relation  P^<V,. 
A comparison  between  Eqa,(26)  and  (.'{O)  gives  ' ^ 


< I BtCri  1‘1  El(d)  r>  - I E..C0J  iS%|<  B^C^J  ■ E,^C0)>  I 


K V I7|  r"  ) ir^  ^ 


(31) 


which  shows  that  the  departure  from  a Gaussian  statistical  behavior  of  the  scattered 
field  is  only  due  to  correlations  of  turbulent  velocities.  This  was  to  be  expected 
on  the  basis  of  the  Central  Limit  Theorem,  since  the  smallness  of  and  implies 
that  the  statisitcal  dependence  between  the  microfields  scattered  by  each  partici.3 
is  only  connected  with  turbulence  as  in  the  case  of  an  ideal  incident  monochromatic 
plane  wave  ( Oi  Porto  ot  at . ,1969,  Crosignani  at  al.  1975). 

From  Eqs.(4),(23)  and  (31)  it  appears  that  it  is  possible  to  distinguinh 
between  the  light  scattered  by  a laser  beam  travailing  in  the  turbulent  atmosphere 
and  the  background  sun  light. 

The  experimental  scheme  is  the  one  shown  in  Fig.l.  The  second-order  corre_ 
lation  function  of  the  laser  field  is  given  by  Eqs.(23)  or  (31)  provided  that  the 
scattered  light  is  seen  in  a coherence  area.  ^ ^ 

By  varying  the  solid  angle  at  the  receiver  from  to 

6 being  the  length  over  which  the  fluctuations  of  the  different  quantities 
are  correlated,  a change  in  the  temporal  behavior  of  the  correlation  function  must 
be  seen,  according  to  a graphic  similar  to  Fig. 2 . The  solar  light  contributes  only 
with  a background. 

Finally,  if  we  look  with  an  angle  , the  second  order  correlation 

function  of  the  field  at  the  receiver  is  the  sum  of  a constant  background  plus  a 
time  dependent  part  fluctuating  with  the  shortest  of  the  different  times  t ,t..,  and 


eventually  having^a  tail  of  length  t^.  If,  on  the  contrary,  S' J2.  |e  change!  in 

the  time  t^  increases  and  the  temporal  behavior 
is  now  associated  with  the  shortest  of  the  times  t_  and 


such  a way  that  $SL  ') 

of  the  correlation  function  ' 


tj.  If  the 
sea  I e 


intensity  flucttiations  are  practically  not  correlated  in  apace,  the  fime 
i s g i ven  only  by  tg . 

We  have  therefore  two  distinct  ways  to  detect  the  scattered  laser  -light, 
that  is  or  by  looking  for  a time  behavior  in  the  region  around  1 sec  ( and  also 
for  a time  behavior  in  the  region  around  1 msec  , if  Eq,(23)  caN  be  applied  in  the 
case  > C^/R)^).  or  by  looking  for  a change  In  the  temporal  behavior  of  the 

correlation  function  by  decreasing  the  solid  angle  at  the  receiver. 

This  last  measurement  can  be  also  made  by  performing  intensity  correlation 
measurements  from  two  different  small  volumes  ot  different  positions  along  the  direc_ 
tion  of  propagation  of  the  laser  beam  ( Bertolotti  et  al.,197l).  If  the  distance 
between  the  two  volumes  is  smaller  than  or  -^x  . 'tbe  signal  has  a time  correla_ 
ted  part  which  is  much  slower  than  that  associated  with  a large  scattering  volume. 


3.  EXPERIMENTAL  RESULTS  OBTAINED  IN  THE  LABORATORY 

A first  measurement  has  been  performed  in  the  laboratory  by  using  smoke 
particles  as  scatterers.  The  intensity  correlation  of  light  scattered  by  a volume 
of  varying  dimension  £.  was  measured  as  a function  of  £■  . The  results  are  shown 

in  Fig.  3.  ir  which  the  normalized  conditional  probabi  I ity 


) 


(32) 


< I 1 > 

<ri  F(ft) i^> 


is  plotted  as  a function  of  U with  ^ as  a parainater.  It  is  clearlv  seen  a time  beha_ 
vior  of  p^(  ~C  )»  with  a decay  time  of  the  order  of  'ty  — 2.5x10  sec, due  to  the  tur_ 

bulent  motion  of  small  particles,  which  is  present  for  large  values  of  ^ , When  ■£, 
is  decreased  to  about  3 cm  , the  temporal  behavior  of  p ( *0  ) exhibits  a definite 
change,  becoming  slower  and  slower.  This  fact  can  have  interesting  applications  : 

1)  if  one  knows  the  distance  at  which  the  beam  is  passing,  we  can  calculate  the  value 
of  at  which  p ( Ti:  ) changes  its  time  behavior  and,  accordingly,  the  correlation 

length  of  the  turbulence  fluctuations  Cf  can  be  measured; 

2)  if  the  distance  at  which  the  beam  is  passing  is  not  known  , the  knowledge  of  Cf  can 
furnish  a rough  idea  of  its  value. 

Finally,  we  can  make  some  considerations  on  the  s'gnal  to  noise  ratio.  The 
physical  measured  quantity  is 


<1  EL&)ri 


If  we  put 


''  (34) 


we  have 


^ q'-%)  ^ I&a  +ijr) 


so  that 


r 


(35) 


(36) 


This  allows  to  give  an  o”der  of  magnitude  of  the  smallest  laser  signal  which  can  bt 
detected.  For  example,  in  order  to  have  S •1.01  , must  be  y=0.09. 
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SUMMARY 

The  Influence  of  the  free  atmosphere  on  the  propagation  properties  of  laser  beams  has  been 
studied  at  Fondazlone  U,  BordonI  In  two  different  researches. 

In  the  first  one,  that  Is  now  ended,  the  performances  of  a communication  link  ere  studied  thro 
ugh  the  determination  of  atmospheric  attenuation  statistics. 

In  the  second  one,  ■'.ow  In  progress,  more  direct  attention  to  the  effects  of  turbulence  and  at- 
mospheric conditions  on  the  propagation  of  laser  beams  Is  payed. 

1.  STATISTICAL  MEASUREMENTS  OF  6328  A ATMOSPHERIC  ATTENUATION 

The  statistics  of  the  atmospheric  attenuation  p|ays  a determinant  role  In  the  evaluation  of  the  confidence 
level  of  a laser  optical  link. 

Once  the  transmitted  power  and  the  received  power  required  for  a given  performance  of  the  system  are 
known.  It  Is  the  atmospheric  attenuation  statistics  that  determines  the  percentage  of  time  of  correct  ope- 
ration of  the  link. 

An  extensive  study  of  such  a statistics  has  been  performed  In  Rome,  using  a sequential  laser  transmisso 
meter.  The  scheme  of  the  system  Is  shown  In  fig.  1,  A metal Ised  beam  splitter  S splits  the  beam  of  a 
stabilised  6326  A He-Ne  laser  M,  linearly  polarlseo.  One  of  the  two  resulting  beams  Is  transmitted 
through  the  telescope  T,  and  Is  back  reflected  after  a 45  m.  path  by  the  reflecting  prism  P towards  a 
photodetector  D,  placed  near  the  transmitter.  The  output  of  D Is  sent  to  a recorder  R,  The  other  beam 
Is  sent  through  a polarisation  analyzer  A to  O.  A segmented  disk  operated  by  an  AC  motor  chops  alterna 
tively  the  two  beams.  Some  diaphragms  are  Inserted  on  the  paths  to  avoid  errors  due  to  spurious  rays. 
The  transmitted  beam  diameter  Is  about  1 cm  after  the  transmitting  telescope  and  is  slightly  larger  at  the 
detecting  section.  The  disk  chopper  Is  such  that  In  a cycle  (lasting  2 min.)  the  background,  the  backgro 
und  plus  the  reference  beam,  the  background  plus  the  received  beam  are  measured  respectively  for  20, 

50  and  SO  s.  Filtering  to  reject  the  background  has  not  been  found  necessary. 

In  known  atmospheric  attenuation  conditions  the  system  Is  calibrated  adjusting  the  power  of  the  reference 
beam  by  rotating  the  analyser  until  the  recorder  records  a reference  to  received  beam  power  ratio  equal 
to  the  atmospheric  attenuation.  After  this  calibration  the  system  Is  operated.  The  evaluation  of  the  atmo 
spheric  attenuation  for  the  calibration  Is  made  by  measuring  the  transmitted  beam  power  at  the  exit  of 
the  telescope  and  a the  arrival  at  the  Input  of  the  detector  O,  and  taking  Into  account  the  attenuation  of 
the  reflecting  prism  P, 

Obviously,  this  calibration  Is  made  In  quiet  weather  conditions.  In  order  to  have  stable  attenuation.  With 
this  technique  an  accuracy  of  about  2%  on  the  ratio  of  the  two  beam  powers  has  been  obtained.  The  atte- 
nuation Is  deduced  by  reading  the  powers  of  the  reference  and  of  the  transmitted  beam  at  the  Instant  cor- 
responding to  the  exchange  of  the  beams  on  the  detector.  The  time  of  the  commutation  from  a beam  to  the 
other  Is  short  enough  to  Insure  that  no  drift  effects  have  taken  place  In  the  apparatus.  The  Instrument 
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has  been  operated  In  our  measurements  for  about  2*  10®  hours,  from  September  1973  to  September  1974. 

It  was  operated  by  an  automatic  switch  set  to  collect  data  from  7 a, m,  to  2,30  p, m.  In  every  weather  con 
ditlon.  Particularly  Important  fob  the  aim  of  telecommunications.  Is  the  cumulative  probability  distribu- 
tion of  the  attenuation.  In  the  range  of  probability  and  attenuations  that  one  can  expect  to  be  Interesting. 
For  this  reason  our  elaboration  of  the  data  has  been  focussed  to  give  this  kind  of  Information. 

A cumulative  distribution  of  the  statistical  frequency  of  occurrence  of  attenuation  Is  reported  In  fig. 2. 
These  data  refer  to  the  period  20  iteptember  1973  - 30  June  1974,  for  a time  of  measurement  of  1446 
hours.  They  evidence  the  relatively  low  frequency  wi^h  whldi  appreciable  attenuations  (qreater  than 
lOdB/Km)  occur  In  our  town.  Attenuations  greater  than  6 dB/Km  only  have  been  considered  In  this  ela- 
boration. The  continuous  line  gives  the  statistical  frequency  with  which  attenuations  greater  than  the  va 
lue  reported  on  the  abscissas  occur,  the  dotted  one  the  frequency  with  which  attenuations  comprised  b^ 
ween  the  values  corresponding  to  the  extremes  of  the  horizontal  segments  occur. 

Another  Interesting  Information  can  be  the  values  of  the  greatest  attenuation  that  has  been  found  In  the 
period.  It  Was  31  dB/Km  and  occurred  on  may  6^*^  In  heavy  rain  and  hall.  During  that  storm,  the  atte- 
nuation has  been  greater  than  15  dB/Km  for  about  8 minutes. 

In  fl  g. 3 another  cumulative  attenuation  distribution  Is  reported.  It  Is  relative  to  the  three  months  april, 
may  and  June  1974.  Here  the  attenuations  considered  In  the  elaboration  of  data  start  from  3 dB/Km. 

2.  MEASUREMENTS  OF  ATMOSPHERIC  ATTENUATION  OF  HE-NE  Lj\SER 

The  attenuation  of  a Ho~Ne  laser  beam  propagated  through  the  free  atmosphere  has  been  measu 
red,  as  a function  of  time. 

We  can  distinguish  two  characteristic  times  In  the  variations  of  the  attenuations  one  referring  to  the  slow 
fluctuations  and  one  referring  to  the  fast  ones. 

Fast  fluctuations  are  due  to  the  turbulence  and  the  spectrum  Is  centered  around  40-50  Hz  with  a tall  to- 
wards some  tenth  of  hertz  (scintillation).  Slow  fluctuations  occur  In  times  of  the  order  of  some  minute  or 
hours,  when  one  must  consider  molecular  absorption  or  scattering,  varying  with  the  Istantaneous  compo- 
sition of  the  atmosphere  and  the  meteorological  situation  (wind  velocity,  humidity,  temperature,  etc.). 

Wo  are  Interested  In  these  slow  fluctuations,  not  only  from  the  point  of  view  of  statistical  collection  of 
data  referring  to  our  link,  but  also  by  searching  for  correlations  with  meteorological  parameters.  The 
parameters  taken  under  consideration  are  temperature,  relative  humidity,  visibility  end  wind  velocity. 
Another  parameter  can  be  added:  the  rainfall  rate. 

The  bropagatlon  Is  In  an  urban  zone  and  Is  300  m long. 

The  beam  of  a 6 mW  laser  Is  enlarged  by  means  of  a telescope;  the  diameter  of  the  spot  on  the  receiver 
Is  about  30  cm.  This  arrangement  avoids  fluctuations  of  the  Intensity  caused  by  beam  dancing.  (The  dan- 
cing Is  never  strong  In  ou.-  path). 

e 

A photocell  Is  used  as  a receiver  with  a high  response  at  6326  A.  A contlnupus  measurement  of  the  atte- 
nuation Is  made. 

Fig.  4,  as  an  example,  shows  a recording  of  the  received  signal  and  of  the  behaviour  of  the  temperature. 
Fig.  5 shows  the  mean  received  power  over  samples  lasting  about  30  minutes  each  for  a period  of  24 
hours.  The  behaviour  of  relative  humidity  and  temperature  Is  also  shown. 

In  order  to  search  for  correlation  time  of  slow  fluctuations  of  the  attenuation,  the  autocorrelation  func- 
tion has  been  calculated.  Fig.  6 shows,  as  an  example,  the  autocorrelation  function  of  the  beam  attenua- 
tion of  a sample  lasting  more  than  24  hours;  In  the  considered  day,  which  was  a quiet  sunny  day,  the  atte- 
nuation varied  with  a correlation  time  of  the  order  of  several  hours. 

Calculations  of  the  cross-correlation  With  meteorological  parameters  are  In  progress. 
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le  temperature  as  a function 


Fig.  5 - Behaviour  of  the  received  signal,  of  the  temperature  and  of  the  relative  humidity  In  a 24  hours 
period. 


Fig.  6 - Autocorrelation  function  of  the  received  signal. 
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SUMMAHY 

Heasuramanta  ara  raportad  of  an^la  of  arrival  fluotvAtlona  of  a dlvarglng 
laaar  baam  aftar  propagation  through  ttu-bulanoat  firstly  through  a thin  layar  of  artifi- 
cial turbulanoa,  than  through  the  atitoaphara  at  naar  ground  lavala.  In  the  first  oaaa 
tha  influanoa  of  the  poaltion  of  the  layar  la  put  in  avldanoa.  In  tha  case  of  tha  atmo- 
aphera  approxlnata  valuaa  of  the  innar  aoala  of  turhulanoa  X and  tha  atruotura  conatant 
C£  ara  darivad  by  a oompariaon  with  the  thaory  of  Tataraki.  ° 


Xc  raoant  yaara  wa  developed  a procedure  for  meaaurlng  the  fluotuationa 
of  angle  of  arrival  at  pointa  over  a front  of  an  eleotroiaagnetic  wave>  at  optical  fre- 
quaney,  aftar  propagation  throu^  a turbulent  madlxim  (ASRIGDCCI  k»,  et  alii,  1971} 
OOnSORIIRI  A.,  et  alii,  1972). 

It  haa  bean  pointed  out  by  aeveral  Authora  (e.g.  lATASSKI  V.I.,  1967}  STROHBBRN 
O.W.,  1970)  that  auoh  a kind  of  maaeiureoanta  ere  of  great  importance  for  the  investiga- 
tion of  the  turbulanoa,  baeauaa  they  ara  extremely  aenaitlve  to  the  ahape  of  the  apec- 
trum  of  tha  turbulence  in  tha  Inertial  aubrange  and  conaequently  allow  a cetarmlnation 
of  tha  Inner  acala  of  the  turbtilanee.  Moreover  the  knowledge  of  the  wavefront  distor- 
tion by  atBioapharlo  turbulence  ia  of  importance  also  for  fact  detection  processing  of 
blurred  images  as  wall  as  for  tha  adaptive  taohniqueo  for  the  elimination  of  image  de- 
gradation. 


In  tha  present  paper  tha  results  are  reported  of  measurements  of  angle  of  ar- 
rival fluctuations  for  a diverging  laser  beam  after  a path  firstly  through  a thin  layer 
of  artificial  turbulence  (COHSORIIKI  A.,  et  alii,  1974),  then  through  the  atmosphere  at 
naar  ground  levels.  From  these  measurements  tha  structure  functions  of  the  angles  of 
arrival  are  derived.  In  the  case  of  atmospheric  turbulence  propagation  the  inner  scale 

X.  and  tha  structure  conatant  Cf  are  derived  by  a comparison  with  Yatarski's  theory. 

On 

2.  PROPAaAlIOH  THROUCM  A THIM  LAYER  OP  TURBULENCE 

At  the  emergence  of  a wave  from  a turbulent  medium  the  normal  to  the  corrugar 
ted  wavefront  at  a point  P can  be  specified  by  two  angles  a and  p describing  its  devia- 
tion from  the  unperturbed  direction  in  two  orthogonal  planes  normal  to  the  wavefront. 

As  \isual  a and  a are  taken  in  the  horizontal  and  vertical  plane  respectively.  Pig.  1 
refers  to  oiir  oase  of  spherical  wave}  a. a.  and  denote  the  angles  at  the  two  points 
and  Pg.  . 

The  method  for  measuring  the  angle  fluctuations  is  sketched  in  Pig.  2 and 
consists  essentially  in  a particular  use  of  the  Hartman  text.  A beam  from  a laser  tra- 
versema  layer  of  turbulent  medium,  produced  by  a heater,  and  then  Impinges  on  a mask 
where  small  holes,  equispaced  by  p,  have  been  made  along  two  perpendicular  rows.  At  a 
suitable  distance,  S,from  the  holed  mask  a diffusing  screen  is  placed,  which  intersects 
the  rays  emergliig  farom  the  mask.  An  analysis  of  the  position  of  the  spots  on  the  screen 
allows  the  measurement  of  the  angles  at  the  emergence  from  the  mask.  We  will  call  these 
angles  and  ft*  in  order  to  distinguish  them  from  those  (v  and  fi)  at  the  emergence  from 
the  turbulent  layer.  With  reference  to  Pig.3  it  can  be  easily  shown  that,  in  a first 
approximation,  « and  p are  related  to  and  p*  by 


. R •*■  !» 


, R •»  L 
H 


(1) 


where  R and  L denote  the  distanoes  of  the  heater  from  source  and  holed  mask  respectively 
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(Fig.i).  Therefor*  the  measurement  of  o*,  s'  allows  one  to  obtain  also  n and  e.  Measu- 
rements were  made  for  different  locations  of  the  heater;  series  of  measurements  were 
also  made  in  the  absence  of  heater  In  order  to  reveal  the  effect  of  the  turbulence  of 
the  room.  We  will  Indicate  this  effect  as  environmental  effect. 

The  distance  R + L source  ■*  mask  (Flg.l)  was  kept  constant.  R 4-  1 ■ ‘14  m - 
The  holes  on  the  mask  are  2.5  nm  In  diameter  at  a distance  Pq  ■ 1 cm  from  one  another. 

Pictures  were  taken  every  second  with  an  exposure  time  t « 1/500  sec.  Wo  used  a Hassel- 

bladt  500  BL  photographic  camera  with  central  iris  shutter  in  order  to  freeze  in  simul- 
taneously the  whole  event  on  the  whole  photogram.  Fig.  4 shows  an  example  of  the  spots. 

The  position  of  each  spot  Is  determined  manually  hy  measuring  the  coordinates 
of  the  center  of  the  circle  which  best  fits  the  spot. 

A statistical  analysis  cf  the  fluct\rations  of  the  coordinates  of  the  centers 
of  the  spots  and  consequently  of  or'  and  s'  is  performed  by  an  electronic  computer.  The 
quantities  obtained  are:  the  structure  functions  D^,  and  , .of  and  s'  respectively, 
both  for  horizontal  and  vertical  points.  Recall  that  D^,  is  defined  as: 

D^,  - < - w’(P2)f  > (2) 


Where  the  brackets  denote  averages.  An  analogous  relation  holds  for 

The  cross  correlation  function  C , , defined  as 

or  e ' 

C^.p,  «=  < w‘(Pi)  P'(P2)  > (3) 

is  also  derived  both  for  points  in  the  horizontal  and  in  the  vertical  row. 

Pig. 5 shows  the  structure  function  of  the  angle  p’  at  the  mask,  plotted  versus 
the  distance  p.  in  the  case  of  horizontal  points  for  a particular  position  of  the  heater 
along  the  path.  L ■ 10  m.  Dots  represent  the  total  effect  (heater  + environment)  while 
crosses,  which  are  obtained  by  subtracting  from  the  total  effect  the  structure  function 
of  the  environment,  represent  the  effect  of  heater  only.  This  subtraction  is  possible 
owing  to  the  fact  that  the  two  effects  are  uncorrelated. 

It  is  interesting  to  note  that  while  the  total  effect  increases  when  p increa- 
ses the  effect  due  only  to  the  heator  tends  to  saturate  for  small  values  of  p as  expec- 
ted. The  different  behaviour  of  the  two  cvirves  can  be  explained,  at  least  qualitatively, 
as  an  effeeb  of  the  environment  arising  in  the  portion  of  thickness  S(~  i0  m)  between 
the  holed  mask  and  the  diffusing  screen.  In  this  portion  one  has  to  deal  with  the  pro- 
pagation of  thin  beams,  which  are  very  sensitive  to  the  turbwlence.  and  whose  structure 
function  seems  more  affected  by  the  outer  than  by  the  inner  scale  of  turbulence,’  as  it 
can  be  argued  by  a comparison  between  measurements  (CORSORTINI  A.,  et  alii,  1970)  of 
thin  beams  propagation  and  measurements,  of. -phase  structure  function  ( BURL AMAC CHI  P.,  et 
alii,  1969  and  1970).  Typical  values  of  the  saturation  distance  for  thin  beams  in  prac- 
tical cases  are  generally  larger  than  10  cm. 

Pig. 6 shows  the  correlation  functions  C ,(p),  C„,(p).  C^,p,(p)  in  a particu- 
lar case  (L  ■ 5 m,  vertical  points,  totals  effect J.  As  expected  C„,(p)  and  Cj^,(p)  rapidly 
decrease  when  p increases.  Prom  Pig. 6 it  appears  also  that  the  value  of  the  cross  correla- 
tion function  Cj,,p,(p)  can  be  considered  vauiishingly  small, in  agreement  with  the  theory  of 
Tatarsky.  The  values  of  0^,^,  can  give  iw  an  idea  of  the  order  of  magni-tude  of  the  sys- 
tematic errors  in  the  measurements.  Analogous  results  are  also  obtained  for  the  environ- 
mental effect,  which  indicate  that  also  the  " cross  correlation"  of  the  thin  beams  in 
the  zone  between  mask  and  screen  practically  vanishes. 

Pig.  7 shows  D„,(sat),  that  is  the  " saturation"  value  of  D^,,  due  to  the  heater, 
plotted  versus  the  heater-mask  distance.  When  L increases  the  fluctuations  of  »'  at 
the  mask  decrease,  as  expected.  The  dashed  line  is  derived  from  Bq.(l). 


3.  ATMOSPHERIC  PROPAGATION 


Measurements  have  been  made  through  the 'atmospheric  turbulence  at  near  ground 
levels,  over  paths  of  length  Z ■ 130  m and  Z » 206^  m,  at  a height  of  1 m and  1.5  m over 
ground.  The  beam  from  a He-Ne  laser  travels  a folded  path  (not  superimposed)  in  the 
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atmoiph*r«,  and  la  ref looted  back  by  one  or  more  mirrors.  Its  diameter  la  of  l bu  at 
the  output  from  the  laser  and  about  15  om  after  the  130  m path. 

A ploture  was  taken  every  seoondt  so  that  the  events  in  every  ploture  can  be 
considered  unoorrelated  nlth  those  in  the  previous  one.  Moreover  a sufflolently  high 
number  of  pictures  can  be  taken  In  a sufflolently  short  time  (5  to  10  minutes)  to  oonr 
aider  the  turbulence  unchanged. 

Different  persona  separately  read  the  coordinates  of  the  centers  of  the  spots 
In  order  to  reduce  the  operator's  error.  In  fact  the  measured  values  of  the  fluctuations 
are  very  small  and  not  far  from  the  errors  of  measurements,  as  will  be  seen  from  Fig. 8. 

Fig. 8 shows  the  struottire  functions  of  a and  for  points  In  the  horisontal 
plane  as  obtained  by  the  measurements  of  two  different  operators  (orosses  and  olroles) 

In  the  case  of  a path  length  Z m 130  m at  an  height  h ~ 1 m above  ground.  The  cross  oor- 
relation  function  C^p(p)  as  obtained  by  the  two  different  operators  (dots  and  triangle# 
Is  also  shown.  As  foressen  by  latarskl  theory practically  vanishes. 

From  a oomparlson  of  with  D^  or  D^  It  appears  also  that  the  measured  fluc- 
tuations are  not  far  from  the  limit  of  measurement  accuracy. 

In  this  kind  of  measurements  It  was  not  possible  to  distinguish  the  contri- 
bution due  to  tblh  beams  lying  In  the  sons  mas)^dlff\UBlng  screen.  (This  portion  of  the 
apparatus  was  located  In  a room).  However  the  results  of  the  preoedlng  section  can 
help  In  a qualitative  Interpretation  of  the  present  results.  First  of  all  It  seems  that 
the  tendenoe  of  D^  and  Da|  to  increase  for  high  values  of  p oan  bn  due  to  the  thin  beams, 
so  that  It  seems  reasonaue  to  neglect  this  Increasing  and  to  surmise  that  the  structure 
functions  for  « and  ft 'saturate^  at  small  values  of  p,  as  expected  from  Tatarski  theory. 

In  order  to  have  an  Idea  of  the  values  of  the  atmospheric  quantities  and  Og  jthe  data 
ere  cooqtared  with  the  theoretloal  ones  foreseen  by  Tatarski  theory  for  Isotropic  turbur 
lence  (TATARSKI  V.I.,  1967,  seo.42).  The  dashed  line  of  Fig.  8 has  been  obtained  from 
geometrloal  optlos  theory  In  the  hypothesis  that  the  structure  function,  I>(,,sp)^^ 
spherioal  wove  is  related  to  that,D^^pj^,  of  a plane  wave  by 


D “ 4 D , 

«»op  3 o,pl 


This  Is  strictly  true  only  when  p « while  when  p » Xq  the  factor  l/3  Is  to  be 
replaced  by  a factor  8/3*  The  values  of  the  parame^rs  Xq  and  corresponding  to  the 
dashed  line  are  Xq  ■ 9 mm  and  « 2.4tlO”^^  cm  Hote  that  they  are  higher  than 

generally  surmised.  The  value  of  is  consistent  with  values  obtained  by  us  at  the 
same  location  In  analogous  oondltloxis  with  completely  different  kinds  of  measurements 
(BURLAUACCHI  P.  and  CORSORTim  A.,  1966,  BDHLAMICCHI  P.  et  alii,  1969  and  19?0,  COKSOR- 
TIHI  A.  et  alll,  1970).  The  dashed  line  of  Dp  In  Fig.  8 was  obtained  from  the  theory 
by  using  the  parameters  and  Xq  derived  from  the  fitting  of  D^.  The  agreement  between 
theoretical. and  experimental  results  is  quite  satisfactory,  an  account  also  of  the  fact 
that  it  was  not  possible  to  separate  the  contribution  of  thin  beams  and  of  their  possible 
anisotropy. 


Fig .9  shows  the  structure  function  D^,  of  a subsequent  series  of  measurements. 

In  asclssa  also  the  quantity  k^p  (hj^  ■ 5«92/Xo)  Is  roprosonted.  The  dashed  line  re- 
fers to  the  theory  as  above.  The  high  value  of  X©  is  confirmed. 

4.  OOHCLUSIOHS 

In  this  paper  we  described  results  of  measurements  of  angle  of  arrival  fluc- 
tuations of  a diverging  laser  beam  after  propagation  through  turbulence.  Structure  and 
'orrelation  functions  wore  obtained. 

The  first  part  of  the  paper  refers  to  the  propagation  through  a thin  layer 
of  artificial  turbulence,  produced  by  a heater.  The  role  played  by  the  layer  has  been 
put  in  evidence. 

The  second  part  refers  to  laser  propagation  through  the  atmosphere  at  near 
ground  levels  over  path  of  the  order  oflundred  meters o Some  results  of  the  first  part 
where  useful  for  the  interpretation  of  the  atmospheric  measurements. 


i-ijuiTi.f  iffci  I'lii^iM  'r  j:  I 


An  axpNOted  from  tTatarNkl  thooryi  the  cross  oorrslatlon  between  fluotuatlone 
In  horlsontal  sad  vertiosl  plsne  resulted  prsotioally  vanlshlngt  for  both  cases.  A conr* 
parlsoQ  with  theory  allowed  also  to  know  approximate  values  of  the  inner  scale  and  of 
the  structure  oonstaat  of  the  atmospherlo  turbulence.  The  present  results  appears  to 
be  promising  and  encourage  us  to  proceed  further  and  to  Improve  the  method  of  measu- 
rement. 
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The  approach  adopted  to  multiple  aoattertng  phenomena  vas  to  treat  it  as  an  effeotive  heam- 
broadening  mechanism.  At  any  given  range  the  amount  of  beam  overlap  la  greater  in  the  oasea  of  fog 
and  smoke  than  in  clear  air.  In.  addltlont  the  amount  of  beam  overlap  inoreasea  aa  the  optical  density 
increases.  A beam  broadening  correction  factor  may  therefore  be  defined  as  the  ratio  of  the  beam 
overlap  in  poor  vlaibllity  conditions  to  that  in  clear  air,  measured  at  the  same  range. 

Experimental  measurements  were  made  of  the  beam>broadaning  factors,  using  a GaAs  Ildar  system. 
The  results  obtained  were  expressed  as  a graph  of  correction  factor  versus  extinction  coeffiolent  for 
each  range  element,  and  were  in  fair  agreement  with  the  theoretical  models  of  Chu  and  Hogg  and  Eunkel. 

1.  INTRODUOTIOK  ^ 

The  approach  adopted  to  multiple  scattering  phenomena  for  the  lidar  la  to  treat  them  aa  an 
effective  beam-broadening  mechanism.  The  concepts  involved  are  llltistrated  by  Fig.  1 which  shows 
schematically  the  transmitter  and  receiver  fields  of  view  and  their  amount  of  overlap  in  the  oases 
of  (s)  clear  air,  (b)  thin  fog,  and  (o)  thick  fog.  It  is  clear  that  if  we  consider  a fixed  range, 
as  represented  for  example  by  the  line  AB  in  Fig.  1 then  the  amount  of  beam  overlap  is  greater  in 
the  cases  of  fog  than  in  clear  air.  In  addition,  the  amount  of  beam  overlap  increases  as  the  fog 
gets  thicker.  A beam-broadening  oozxeotlon  factor  may  therefore  be  defined  as  the  ratio  of  the 
beam  overlap  in  fog  to  that  in  clear  air,  measured  at  the  same  range.  A<t  regards  the  range- 
dependenoe  of  this  factor,  it  is  clear  from  Fig.  1 that  as  the  range  Increases  the  affect  may  first 
become  more  slgnlfloant,  and  then  decrease  in  importance  as  the  situation  approaches  that  of 
complete  beam  overlap  ^ clear  air. 

Experiments  to  measure  the  extent  of  beam-broadening  due  to  multiple  soattering  in  all  relevant 
range  bins  of  our  lidar  were  oaxried  out  over  the  period  mid-July  to  mid-Ootober  1974<  In  this 
period  11  fogs  ware  used  for  these  measurements,  representing  a total  of  33  hours  recording  time 
and  1941  lidar  firings.  With  the  aid  of  the  measurements,  empirical  oorreotlon  factors  for  the 
lidar  returns  at  eaoh  range  bin  have  been  deduced.  The  magnitudes  cmd  extinction  dependenolee  of 
these  oorraction  faotors  are  In  agreement  with  theoretloal.-predictions  of  small-angle  second-order 
scattering  prooesses.  Results  obtained  tiaing.  these  oorrections  show  much  more  realistlo  baokaoatter 
parameters  and  oorrespondlngly  ln^roved  atmospherio  profiles. 

2.  MOI/riFIB  SCATOERING  THEORY 


The  assumption  of  single  soattering,  i.e.  that  eadh  particle  in  an  aerosol  is  exposed  only  to 
the  radiation  of  the  orli^al  beam  la  only  the  oaae  if  the  optical  depth  (product  of  extinction 
ooeffloient  and  distance)  of  the  aerosol  is  less  than  0.1  (VAN  DB  HHI£T,  H.C.,  1957).  K ia  worth 
noting  that  for  the  first  and  last  range  bins  of  our  lidar,  this  value  ooxreaponda  to  axtlnotlon 
coefficients  of  about  2,5km'"l  and  0.5km"l  reapectively.  This  means  that  the  majority  of  lidar 
measurements  will  he  affected  by  multiple  scattering  phenomena,  i.e.  eaoh  particle  of  fog  Is  exposed  to 
radiation  scattered  by  other  particles,  and  the  original  beam  haa  suffered  extinction  due  to  other 
particles.  In  an  effort  to  make  allowanoe  for  these  effects,  the  contribution  from  multiple  soattering 
must  bo  estimated  and  tha  lidar  analysis  amended  aooordlngly. 

Some  possible  approaohes  to  multiple  soattering  may  be  summarlaed  aa  follows i 

(a)  Solution  of  the  full  equation  of  radiative  transfer,  including  a source  function, 
(OHAKORASEKHAR,  S.,  I960).  This  is  in  general  a still  xinsolved  problem,  although  under  certain 
restrictive  conditions  solutlonshave  been  obtained,  (CEANIHASEKHAR,  S.,  i960)  (MUDGEIT,  F.S.,  et.  el. 

1971). 

(b)  Use  of  mathematical  techniques  en^loyed  for  analogoua  prohlema  in  other  fields  e.g.  neutron 
diffusion,  nuclear  soattering  (EIORANTA,  E.W. , 1973). 

(o)  Monte  Carlo  techniques  for  oomputex  simulation  of  multiple  soattering,  (PIASS,  G.N.,  et.  al. 

1966) . 

(d)  Treatment  of  multiple  soattering  as  a beam-broadening  effect,  implying  an  earlier  interseotlon 
of  the  transmitter  and  receiver  oones  than  would  otherwise  he  the  case,  (BROVOI,  R.T.  Jr.,  1967) 

(CHU,  T.A.  et.  al.  1966). 

(e)  Caloulatlona  of  second,  third,  and  hig^ex-order  oorreotlons  as  neoeaaary,  on  the  asBumptlaa 
that  (i)  multiple  soattering  is  the  sum  of  oontributions  due  to  the  various  orders  of  soattering,  and 
(il)  N<th  order  soattering  is  t>ie  result  of  IT  single  scatterings,  (DEPAK,  A.  et.  al.  1970). 
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Of  th*  (a)  and  (b)  wara  dlaoardad  danadlataly  aa  muirin*  rathe® 

analraaa  with  poaalbly  littla  ratuma  of  ai«tiifloanoa  for  tha  ourrant  projaot.  Approach  (o)  ia  auitabla 
butooulA  only  parmlt  a thaoratloal  aatimata  of  nultlpla  aoattarln«  oontributiona  and  wo^d  not  ba 
applloabla  to  tha  problem  of  amending  tha  arparlmantal  Ildar  analyaia  prooaduraa.  Mathod  (d)  la  an 
attraotiva  alii5>llfleatlon  of  tha  problem  but  there  la  a danger  that  thla  areroaoh  m^ 
crude  and  may  omit  Important  datalla  of  tha  phenomana.  Thla  laavaa  (a),  vhloh  haa  tha  merit  of  being 
applloabla  to  tha  Ildar  analyaia  problmn  and  of  having  bean  already  applied  auooaaafiaiy  to  analyaaa 
of  other  affaota,  (deSSPAK,  A.,  et.  al.  1970)  (DOWLINO  J.  Jr.,  et.  al.  1966).  Although  ^a  aaau^ttona 
Involved  In  thla  approach  may  bo  open  to  gueatlon,  it  nevarthalaaa  aeemad  the  moat  pronda^  method. 

In  praotioa  It  appeara  that  the  aeoond-order  oorraotlon  la  the  moot  Important  ao  thla  vlll  ba  tha  only 
one  ooneldered  for  the  preaent,  althou^  the  technique  can  be  extended  to  third  and  hl^er-order 
ooxreotlona  If  required. 


Wo  aummarlao  below  the  three  thaoratloal  approaohea  (c,  d,  a)  end  hlgji-llght  the  applicability 
of  tha  raaulta  to  the  apoolflo  Llder  data  analyaia  problem  and  tha  agreement  between  experimental 
meaauxementa  and  the  theoretical  modal. 


2,1.  Corraotlon  for  Saoond-Order  Scattering 

Tha  geomet3w  for  aecond-oj^or  aoatterlng  la  ahown  In  Fig.  2,  Tha  dlaoa  ahown  repraaent  eaotima 
throu^  tha  tranamlttar  and  receiver  conea  at  dlatancea  m and  rR  from  the  Rx,  reapactlvaly , mw 
centrea  0 and  0».  The  flrat  acattertng  element  la  at  (ri  aln  *1  ooa  fi,  O)  relative  to  0,  and  la 
of  thlokneaa  4rr  area  r],Si^6^.  The  aeoond  aoatterlng  element  la  at  (rp  aln  42i  rp  ooa  ^2  + 
relative  to  0,  and  la  of  area  tr  Srp  and  thlokneaa  «xr.  Tha  beam  under  oonalderetlon  followa  the  path 
shown,  auoh  that  the  diatanoa  t between  the  two  aoatterlng  elementa  ia  given  byi 

m (n  aln  ^ - X2  aln  ^2)^  + (ri  ooa  - *2  ooa  ^2  - ^ "In  e)^ 

*2  ooa  (1) 


The  distance  x between  0 and  o'  and  the  angle  • on  Fig,  2 may  be  oalotilated  from  the  receiver 
and  transmitter  geometry.  Two  possibilitlea  for  9 arise  alnoe  signals  arriving  at  time  T may  have 
taken  one  of  two  paths  with  rR  - ct  or  nr  “ rt. 

2 2 


The  flrat soatterlng  angle  «'  on  Fig.  2 is  given  by  ooa  ©'  • x oos  9 
and  the  second  9"  ■ IV'  - 9' 

Consider  a xnilse  of  energy  F(to)#to  tranamitted  In  time  (to,  t©  + Sto).  Of  thla  a fraction 
exp  (-  J'*f  0(r)dr)  airivea  at  0,  a fraction  ^ (9',  ?r)  i*  aoattered  by  the  fine  soatterlng 

element, *a  fraction  eap(-jr  *^o^r)dr)  arrivea  «t*?he  second  scattering  element,  a fraction 
+ fiSZ  ^ (9" , m)  la  so^tered  by  the  second  aoatterlng  element  and  a fraction  exp  (-  jT  ff(r)dr) 

at  the  receiver.  In  order  to  arrive  at  the  total  return  at  the  receiver  we  lauat  sum  over  all 
angles  ^l  and  ^2  and  all  radii  n and  r2,  Thla  energy  arxlvea  at  the  receiver  in  the  time  interval 
starting  at  to  -t-  ra  fl.  -t-  r<p  and  of  duration  #to  + StR  * *XT 
0 ® 

Hence  we  can  arrive  at  an  expression  of  'ttie  mean  received  power 


-fjl 


G ^to  - rr  - rT)d*T 


2 J O /AT  /LIT 

where  W is  tha  total  tranamitted  energy  and  G (m,  xT)  - j!  a.  1 I *^2 

J xt9i^Hi'  4j^in®2+R2'dr2  ^ - 9',  xr) 

X exp  ( -/tojjf)  ) 

A£'i  la  the  ^rst  soatterlng  ares  AS2  ia  the  second  and  A is  the  cross  section  of  the  tranamitted 
cons  at  XT. 


In  fact,  the  integral  splits  Into  two  parts  ^dien  it  la  recalled  that  a given  pulse  may  have 
followed  two  poaalbla  paths  to  return  after  time  t,  l.e.  the  received  instantaneous  i>ower  iai 

0 E f ^ fot 

J “ 0 ( , rx)  dXT  +12  0 (XR,  :^) 

Note  that  the  term  xn-2  In  equation  (2)  is  only  appseoprlata  i*en  xR  > Xo  (the  hyperfooal  diatanoa)  1 

for  r<lro,  this  term  la  replaced  by  ro“^.  Note  alao  that  to  good  approximation  tha  exponential  tern 
In  (4)  may  be  replaced  by  the  conventional  ej^xeaslon 

exp  ( “^  [ '^  ('')^  ) 

Jc 
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The  total  inatantaneous  power  reoelved,  aa  given  by  the  «:Q)reBBion  above  1b  Bome^diat  unwieldy 
escpreBBlon  involving  a five-fold  integral.  In  addition^  there  1b  the  posBibillty  of  an  apparent 
aingularlty  in  the  preBenoe  of  the  l/jfi  texm.  Those  faotora  oonbine  to  nake  the  expreasion  totally 
unsuitable  for  numerioal  oomputatlon  as  it  stands.  Current  work  is  therefore,  directed  towards 
finding  suitable  approximations  to  reduce  eqtiation  (2)  to  a more  useful  form.  In  partloular  we 
may  note  that  the  oharaoterlstio  peak  of  the  aoatter  funotions  In  the  forward  dlreotlon  may  Imply 
that  the  only  angles  6*  of  Importanoe  in  equation  (2)  are  those  near  sero.  To  illustrate  this 
property  Fig.  5 shows  the  product  ^ (d,r)  (i  (fT  as  a function  of  9 for  the  same  else  distribution 

function,  l.e.  effectively  independent  of  position  aa  in  a uniform  aerosol.  These  curves  are 
oaloulated  fcMi  the  tabulated  funotions  in  Pelxmendjlan's  book  (DEIRMENDJIAK,  C.,  1969)  for  three 
Important  aerosol  slse  distributions  (Cl,  C2  and  C3)  at  a wavelength  of  0,7  nm.  They  serve  to 
illustrate  the  importance  of  the  contribution  In  the  region  of  9 * 0,  a feature  vdiloh  is  not  markedly 
effeoted  by  taking  oross-produots  of  scatter  funotiona  with  different  slse  distributions,  oorresponding 
to  a non-uniform  aerosol.  It  appears  therefore,  that  only  a small  range  of  scattering  angles  near 
forward  scattering  is  of  importance  in  second-order  scattering  ourreotions  to  the  lidar  equation,  and 
this  approximation  forms  the  basis  of  ourrent  work  on  this  problem. 

A simple  and  somewhat  crude  approximation  to  the  seoond-ordor  correction  factor  would  be 
to  oonsider  only  tlie  forward  scattering  ocntrlbutionS(o).  In  order  to  estimate  the  dependence 
on  <r given  by  this  model,  Fig.  4 ahowa  the  oaloulated  variation  of  &(0)/(t;  From  this  it  is  clear 
that  6(0)cAo2,  80  that  our  simple  approximation  to  the  second  order  oorreotion  factor  is  of  the 
form  • 

(1  + f(r)rf2) 

vdiere  f (r)  is  some  function  of  range.  This  dependence  on  O'ia  roughly  in  agreement  with  that  found 
experimentally  (see  section  3). 

2,2.  Theory  of  Beam-Broadening  Effects 

The  osloulatlon  of  the  range-dependent  funotlon  f(r)  involves  the  area  of  overlap  of  two 
olroles  corresponding  to  vhe  oross-sectlona  of  the  two  beams.  In  order  to  simplify  the  oaloulations 
it  has  been  decided  to  utilise  the  beam-broadening  model  of  Chu  and  Hogg,  (CHH,  T.S.,  et.  al.  1966). 
This  model  assumes  a Gaussian  form  for  the  initial  beam  power  distribution  and  a seoond  Gaussian 
distribution  for  the  soatt'irlng  pattern  of  each  aeroaol  particle. 

This  saves  oouqmter  time  and  storage  which  would  otherwise  be  needed  for  calculating  and  stosrlng 
the  aoourate  Mle  soattering  functions  for  eaoh  partiole.  Calculations  were  then  made  of  the  Boattaring 
pattern  at  a given  range  for  a fog  of  given  partiole  slse  distribution.  In  order  to  minimise  computer 
tine  we  have  adopted  the  model  to  use  only  one  slse  distribution  - the  gamma  distribution (ZUEV,  V.E., 
1970)  with  an  index  of  2 and  a 'modal'  partiole  radius  of  0.6 /un.  Variations  of  fog  density  in  the 
model  are  achieved  by  increasing  the  density  of  particles  ratner  than  ohangihg  the  distribution.  The 
other  parameters  ULSed  in  the  oaloulation  were  those  appropriate  to  our  Ildar,  vis.  a wavelength  of 
0.9 /urn  and  an  Initial  beam  radius  of  13om  for  the  transmitted  beam.  The  increase  of  beam  radius  with 
extinotlon  coefficient  CTwaa  then  oaloulated  as  in  Fig.  5 at  a range  of  14m,  oorresponding  rou^^ily  to 
the  first  Ildar  range  bin.  Fb:om  this  it  is  a relatively  simple  matter  to  oaloulate  the  broadening 
faotor  by  considering  the  amount  of  overlap  of  the  transmitter  and  receiver  beams  at  this  rai.get  this 
result  is  given  in  Fig.  6. 

The  results  Indioate  that  the  larger  partloles  of  the  distribution  have  the  greatest  effect. 

If  we  take  the  beam  radius  ae  given  by  the  l/e^  level  of  the  distribution,  than  it  is  clear  that 
the  effective  radius  may  be  increased  by  as  muoh  as  XOC/f,  as  a result  of  beam-broadening  effects. 

It  should  be  noted  that  we  have  neglected  here  the  oorresponding  faotor  for  broadening  of  the 
raoeiver  acoeptanoa  oonej  this  would  have  the  effect  of  further  inoreasing  the  broadening  oorreotion 
faotor. 


2.3.  Monte  Carlo  Teohnlquea 

A recent  unpublished  M.So  thesis  by  Kunkel,  (KDMKEL,  K.E.,  1974)gives  another  approach  to 
multiple  scattering  based  on  a Monte  Carlo  technique  using  tabulated  soattering  phase  funotions 
obtained  from  Mle  theory  (BEIHMEirDJIAN,  B.,  I969).  Kunkel  computes  the  affect  of  multiple  soattering 
on  Ildar  returns  from  hases,  clouds,  fog  and  rain  for  various  receiver  fields  of  view,  including 
oases  of  relevanoe  to  our  present  Ildar.  The  effects  are  expressed  In  terms  of  a oorreotion  faotor 
F(r)  in  the  lidar  eqviation,  defined  by 

- p ( rr  »r)  eoq?  ( -2  I <r(r)  (l-F(r)  ) dr  ) (2) 

F(r)  is  the  power  returned  to  the  lidar  reoeiver,  C(r)  is  the  calibration,  and  the  other  symbols  have 
their  conventional  meaning.  Since  it  is  diffloult  to  oaloulate  the  exact  struoture  of  F(r),  Kxmkel 
wo3^B  instead  with  the  mean  value  F(r)  defined  as 

"if!  P(r)dr  (3) 

X J o 

In  order  to  compare  our  experimental  results  (desoribed  in  seotlon  3)  with  Kunkel 's  theory  we  have  used 
our  exponential  oorreotion  faotors  to  evaluate  F aa  a function  of  range  r.  The  results  are  shown  in 
Fig.  7,  The  r-dependenoe  and  order-of -magnitude  of  the  results  are  in  agreement  with  Kunkel 'a  theory 
for  a reoeiver  angle  of  3<)irad  (see  p.45  of  ref.  14)  and  with  his  quoted  values  froan  Eloranta's  unpiublished 
double  soattering  model. 
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3.  MBASURKMBWrS  OP  BBAM-BROADBNINS  BFFIUCTS 

It  h«8  already  baan  ramaxlcad  abova  that  multipla  aoattarlng  f^m  aaroaol  partlolaa  oan  ba  vlawad 
aa  a baam>bxoadaning  affaot  of  both  the  tranamlttar  and  raoelvar  flalda  of  vlaw.  In  order  to  ahow  that 
thla  baam-broadanlng  la  a real  affaot,  maaauramanta  harva  baan  made  of  aoma  aumnar  foga  vlth  a oalibratlon 
aoraan  plaoad  at  tha  nominal  oantraa  of  tha  range  bins.  It  vaa  found  that  the  Ildar  ra turns  obtained  in 
thla  vay  vara  substantially  greater  than  those  using  the  oalibratlon  aoraan  in  olear  air.  Having  thus 
proved  tha  axlstanoa  of  bean-broadening  affects  and  their  relavanoe  to  lidar  analyais  we  may  nov  interpret 
the  raaults  in  terms  of  'oorreotlon  faotora*  for  aaoh  range  bin.  These  faotors  may  be  obtained  by 
oorreotlng  tha  returns  from  the  aoraan  by  tha  attenuation  betvean  Ildar  and  sorean.  An  example  is  shown 
in  Pig.  8 where /lidar  return  in  fog  from  aoraan  x exp  (Zor)^ 
hldar  return  in  olear  air  from  aoraan  ’ 

is  plotted  versus  O' for  the  flrat  range  bln.  This  result,  obtained  for  an  early-morning  radiation  fog, 
Indloates  a linear  relationship  betvean  the  •oorreotlon  factor*  and  O',  with  values  aa  high  as  7 being 
obtained  for  tha  beam-broadening  oorreotlon. 

4.  DATA  ANALYSIS 


In  oontraat  to  Kunkel'a  approach  outlined  abova  in  %diloh  the  oorreotlon  factor  for  multiple 
aoattering  ie  included  in  the  extinction  term,  our  technique  aasooiates  the  oorreotlon  with  the  baokaoatter 
ooeffioient.  Thus  the  new  form  of  the  lidar  equation,  using  a linear  dependanoe  of  oorreotlon  factor  on 
extlnotlon  (see  aeotlon  2.1.  above)  may  be  wrlttani 

P(r|  - ^5  (»T,r)  (1  + g(r)<r(r)  ) exp  ( -2  tf(r)dr  ) 5.1 

where  g(r)  is  a oontlnuoua  funotlons  of  range  deduced  from  the  experimental  reaulta  given  in  Tables  1(a) 

- 3(a)  for  the  appinprlate  receiver  oonfiguration.  The  Inolualon  of  this  extra  factor  in  the  lidar 
equation  has  meant  a great  deal  of  alteration  to  the  methods  of  analysis  used  for  interpreting  lidar 
returns.  In  the  first  place,  it  is  no  longer  possible  to  solve  equation  5.1  by  the  direct  integration 
method  used  for  the  conventional  lidar  equation.  Instead  it  is  neoasBaxy  to  adopt  some  iterative 
prooedure  for  finding  a solution  to  equation  5.1  at  a given  range  r. 

The  increased  computer  time  implied  by  the  methods  necessary  to  solve  equation  5.1  has  led  to  the 
need  for  a new  and  simpler  technique.  Using  the  well-known  baoksoatter  relationship  (V/IHSTAI^1jBI,  J.V., 
et.  al,  iy74)i 


( 17')  ■ AO*' 


5.2 


aquation  5.1  may  be  rewritten  in  for  fomu 


1 exp  ( 2 

(1  + g(r)o(r)  ) 


o(r)dr  ) 


••  InA  + nln(T 


5.3 


Equation  5.3  contains  P(r)/c(r)  >4iioh  is  known  from  the  lidar  returns,  and  functions  of  o(r)  whicdi 
may  be  obtained  from  Independent  instruments.  Henoe  it  is  possible  to  use  a linear  regression  prooess  in 
logarlthnrlo  space  in  order  to  determine  A and  n.  This  regression  process  has  a further  advontagei  it  may 
ba  used  either  (a)  on  the  returns  from  all  the  rar>ge  bins  for  all  lidar  firings  during  an  entire  fog  or 
(b)  on  the  returns  from  all  range  bins  for  one  lidar  firing.  Method  (a)  has  been  chosen  for  the 
statlstioally  larger  number  of  data  points  available  leading  to  more  reliable  values  for  A and  n.  Having 
deteimined  the  values  of  A and  n by  the  method  outlines,  these  values  are  then  used  in  equation  5.3  to 
solve  the  lidar  d*-  profiles  by  an  iterative  process. 


5,  liESUMS 


The  beam  broaduning  measurements  were  oiade  using  a oalibration  soreen  at  the  oentre  of  each  range 
bin  dxiring  shollow  summer  fogs.  Each  correction  factor  was  derived  from 

correction  factor  - lidar  return  x exp  (2ot) 
cali\>x«'(iion  I'aciior 

The  mean  extinction  ooeffioient  o' was  found  from  the  Miiltl  Base  Bine  Transmissometer.  The  results 
were  plotted  against  0*aiTd  appropriate  fits  were  obtained  from  linear,  quadratic  and  exponential  curves. 


Table  1 shows  the  beam  broadening  data  from  the  first  7 range  bins  of  the  Silioon  Diode  P.eoeiver. 
Farts  (a),  (b)  and  (o)  sliow  the  equations  obtained  for  linear  qtiadratic  and  exponential  fits  respectively 
end  the  BMS  deviations  of  the  fit. 


Beyond  range  bln  7 the  effect  falls  to  zero  because  the  beam  overlap  further  up  range  is  total. 
The  silently  better  HMS  errors  of  the  quadratic  and  exponential  fits  over  the  linear  fit  was  felt  to  be 
ijnieuffiolent  to  justify  the  extra  oomplloatlon  of  incorporating  items  in  the  Lidar  analysis  and  it  was 
therefore  decided  to  use  the  simplest  case,  the  linear  fit. 

Table  2 shows  the  oonespondlng  results  for  the  Photo  Multiplier  tuba  reoeiver.  Here  the  effect 
of  the  oorreotlon  disappears  iifter  range  bln  3 beoause  the  full  bean  overlap  occurs  at  a shorter  range. 
Once  again  the  linear  fit  was  used  in  the  data  analysis. 
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Tabl*  1 Bau-broadenlne  oorxaotlon  faoton  for  Si  d*taotox 

(ft)  Llnftftx  fit 


i 

I 


i 

R.B. 

Range  (n) 

lector 

R.N.S.  deviation 

' 

1 

14.7 

1 + 0.13^ 

1% 

i 

( 

2 

21.3 

1 + 0.16  c- 

2»t 

I 

1 

5 

3 

27.8 

1 + 0.140" 

359i 

i 

j 

4 

32.9 

1 + 0.10  0- 

2T% 

1 

5 

39.4 

1 + 0.062  <r 

25J< 

6 

44.8 

1 + 0.0350^ 

10}6 

f 

1 

1 

7 

55.8 

1 + O.015C- 

22% 

\ 

1 (b)  Quadratic  fit 

i 

i 

t 

R.£. 

Range  (m) 

Factor 

H.M.S.  doviation 

1 

14.7 

1 + 0.13  <r+  0.000270'^ 

15% 

2 

21.3 

1 + o.09Vr+  0.00250"^ 

15% 

3 

27.8 

1 + 0.0160'+  0.00530^ 

14% 

{ 

4 

32.9 

1 - 0.012CT+  0.00450^ 

15% 

5 * 

39.4 

1 + 0.020C+  o.oois^r® 

21% 

I 

6 

44.8 

1 + 0.0320-+  0.0001 3<^^ 

10% 

7 

55.8 

1 + 0.0460-  0.00120^ 

22% 

(o)  Sxponentiftl  fit 


R.B. 

Range  (m) 

Faotor 

F 

R.M.S.  deviation 

1 

14.7 

exp  (0.052  c") 

1.1 

22% 

2 

21.5 

exp  (0.0510) 

0.75 

21% 

3 

27.8 

exp  (0.0500) 

0.55 

14% 

4 

52.9 

exp  (0.0240) 

0.57 

15% 

5* 

39.4 

exp  (0.0190) 

0.25 

21% 

6 

44.8 

exp  (0.0150) 

0.14 

10% 

7 

55.8 

exp  (0.006lr) 

0.055 

21% 

The  results  fox  ranse  bln  ^ were  in  iftot  obtained  with  the  calibration  soreen 
displaced  by  2.5»  from  the  centre  of  the  bin,  as  paxt  of  an  investigation  into 
the  effeots  of  range  bin  shapes t the  result  indicates  that  mlninal  errors  are 
introduced  by  these  effects# 


Table  2 


Beam-broadening  ooxreotlon  faotora  for  P»Mi  tube 
Linear  fit 


w 


(o) 


Table  J 
(a) 


(b) 


l.B. 

Hange  (m) 

factor 

R.M.S.  deviation 

1 

13.7 

1 + 0.29 

24?i 

2 

19.6 

1 + 0.35  er 

225S 

5 

26.7 

1 + 0.037  iT 

195^ 

(Quadratic  fit 


R.B. 

Range  (m) 

Paotor 

R.M.6.  deviation 

1 

13.7 

1 + 0.069JT+  0.00620"^ 

17% 

2 

19.8 

1 + 0.12  0.0064Cf^ 

11^^ 

3 

26.7 

1 + 0.03la^+  0.000192^ 

18?^ 

Ibcponentlal  fit 


R.B. 

Range  (m) 

Paotor 

P 

R.M.S.  deviation 

1 

13.7 

exp  (0.034CT) 

1.2 

23^ 

2 

19.8 

exp  (0.037r) 

0.94 

245^ 

3 

26.7 

exp  (0.012<r) 

0.23 

17“/ 

Beam  Broadening  correction  factors  for  P.M>  tube  in  the  new  position 
(5  cm  nearer  to  the  mirror) 

Linear  fit 


R.B. 

Range  (m) 

Pactor 

R.M.S.  deviation 

1 

13.7 

1 + 0.15  er 

11/ 

2 

19.8 

1 + 0.048  cr 

20/ 

quadratic  fit 


R.B. 

Range  (m) 

Pactor 

R.M.S,  deviation 

1 

13.7 

1 + o.ie(T-  0,093 cr^ 

10/ 

2 

19.8 

1 + 0.01 7<r+  o.ooo96er^ 

16/ 

Exponential  fit 


R.B. 

Range  (m) 

Pactor 

P 

R.M.S.  deviation 

1 

13.7 

exp  (0.034  r ) 

1.2 

26/ 

2 

19.8 

exp  (0.014  O') 

0.35 

16/ 

Fig,2  Geomet  7 for  second-order  scattering 
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MESURES  DE  L’ABSORFTION  ATMOSEHERIO’’--  TAR  UTILISATION  DUN  R.\niOM?TRE 
HETERODYf JE  INi** SOLA3RE 


B.Christophe  et  M.C  imus 
Sociite  Anonyme  de  Tilfecoinmunications 
4t,  Rue  Cantagfel 
75624  Paris  Cedex  13 

RESUME 

Apres  avoir  d4crlt  le  princlpe  de  la  d4tection  h4t4rodyne  coh4rente  et  incoherente 
dans  1' Infra-rouge  moyen  nous  d4fflontrons  I'int4r4t  ue  cette  technique  pour  la  mesure  de 
la  transparence  de  l'atmusph4re  et  nous  donnons  les  premiers  r4sultats  obtenus. 


I - INTRODUCTION 

Le  d4veloppement  de  I'optique  coh4rente  et  son  application  pratique  en  particulier  : 

en  t4l4m4trie,  t4lecommunication,  d4signation  d'objectif  radar,  n4cessite  une  connaissance 
approfondie  du  milieu  travers4. 

C’est  ainsi  que  l'atmosph4re  terrestre  a fait  I'objet  de  diver ses  4tudes.  Une  syn- 
th4se  rapide  des  prin.  xpaux  r4sultats  conduit  k consid4i.'r  le  milieu  atmosph4rique  comme 
4tant  anisotrope  pour  les  rayonnements  lasers.  En  effet,  les  inhomog4u4it4s  de  composi- 
tion et  les  gradients  des  parametres  physiques,  agissent  sur  la  propagation  des  faisceaux 
et  alt4rent  leur  coh4rence. 

L* absorption  atmosph4rique  ainsi  que  les  ph4nom4nes  de  turbulences  semblent  4tre  des 
facteurs  fondamentaux  qui  conditionnent  le  cheminement  des  faisceaux  lasers,  Chacun  de 
ces  deux  facteurs  d4pend  d'un  grand  nombre  de  param4tres  eux-m4mes  variables  temporelle- 
ment  et  spatialement . 

- L' absorption  est  sur tout  due  k celles  des  mol4cules  de  H20,  COg,  O3,  N3O,  CO,  03, 
CH4,  N3  a diff4rentes  concentrations,  mais  les  conditions  climariques  et  la  presence 
d'a4ro(iols  en  modifient  le  caract4re. 

- Les  turbulences  sont  des  ph4nom4nes  li4s  aux  gradients  thermiques,  k la  Vitesse  et 
a la  direction  des  vents,  ils  sont  de  caractere  al4atoire. 

Pour  toates  ces  raisons,  il  est  tres  difficile  d'4laborer  une  4tude  th4orique  visant 
a mieux  connaitre  1* absorption  atmosph4rique  sans  le  support  exp4rimental . 

L' exp4rimentation  utilise  un  r4cepteur  h4t4rodyne  et  permet  de  mesurcr  1' absorption 
verticals  totals  de  l'atmosph4re  sur  des  longueurs  d'ondes  int4ressantes  comme  celles 
d'4mls$ion  du  laser  CO3. 

La  m4thode  est  tr4s  s4lective  et  permet,  au  moyen  de  calculs,  et  d'hypoth4ses  atmos- 
ph4rlques,  de  d4terminer  la  pr4sence  de  diff4rents  constituents  de  1 'atraosph4re. 

Cette  technique  est  envisag4e  pour  les  mesures  de  concentration  de  polluants  dans 
1' atmosphere . 


II  - PRINCIPE  DE  LA  DETECTICfft  HETERODYNE 

Cette  technique  de  battements  d'ondes  lumineuses  analogues  k celles  utilis4es  en 
radio  dans  un  r4cepteur  superh4t4rodyne  a 4t4  r4alis4e  par  Forrester  et  A1  en  1955  pour 
la  mesure  spectroscopique  de  I'effet  Zeeman  sur  une  raic  du  luercure,  Les  applications 
sont  rest4es  au  stade  du  Laboratoire  pour  les  mesures  de  largeur  de  raie  jusqu'A  1 'appa- 
rition du  Laser.  Le  Laser  est  en  effet  indispensable  comme  uscillateur  local  car  seul 
il  poss4de  k la  fois  la  coh4rence  spatiale  et  temporelle  ainsi  que  la  puissance  suffi- 
sante. 

Le  sch4ma  de  principe  est  rappel4  fig.l.  Un  d4tecteur  reqoit  deux  ondes  planes 
parall4les  I'une  issue  de  la  source  1' autre  de  I'oscillateur  local.  Le  m4lange  est  r4all- 
s4  gr4ce  a une  lame  semi-r4f I4chissante , 

La  r4ponse  du  dfetecteur  est  proportlonnelle  a la  valeur  quadratlque  moyenne  du 
champ  4lectrique  total  Uj  prise  sur  le  temps  d' int4gration  du  d4tecteur  T. 


4 U5COS I 


Un  signal  s«ra  done  ditecti  A la  frAquanc®  ~ ai  cell®-ci  ®st  infirieure  k 

la  frequence  d®  coupur®  du  d4tect®ur . 2 ^ 

Jli-  f Ps  , p.  ^ 2\/^  [ COS.(Os  - (|))1  + «P  ]1 

* hv 


Ce  rAsultat  aontre  que  1®  courant  gin4r4  dans  le  dAtecteur  est  la  somme  de  deux 
courunts  (t)  et  jj  (t^ 


'(ll  i.(t)  . '5(t) 


= i!i-P. 


is(t)  z 2^ — \/~^  [cos.  (us  -u).)t  ♦ 4>] 

h V V 

Le  courant  I 3 (t)  contient  1' information  de  frequence  (1)3 /2  TT  <1®  phase 

de  I’onde  incident®  e'est  la  conservation  de  cette  derniAre  qui  perme*  de  rAaliser 
les  exp4riences  d* interf4rence  par  transposition  de  frequence. 

Le  courant  continu  la(t)  ®st  la  source  d'un  bruit  shot  qui  limite  la  sensibility 
th4orique. 

La  puissance  de  bruit  est  donn4e  par  : 

N«  2ei.Af  = 2e*^PfAf 


et  le  rapport  signal  sur  bruit  : , 

N h V Af 

d'o<l  la  puissance  minimum  d4teotable  est  : 

NEP  - h vAf 

n 

Cette  puissance  minimum  d4tectable  peut  4tre  rattach4e  dans  le  cas  d'une  4mission 
corps  noir  a la  temp4rature  de  la  source. 

04tection  h4t4rodyne  d'un  signal  incoh4rent 


Si  nous  consld4rons  une  source  thermique  A la  temp4rature  T situ4e  4 une  distance  R 
d'un  r4cepteur  h4t4rodyne,  la  brillance^P  4mise  par  une  surface  4l4mentalre^/^  de 
la  source  dans  une  bande  de  fr4quence^V  ®st  donn4e  par  la  formule  de  Planck  : 

AP  - 2hvAvAA 

A‘[expJjX  .1] 

ou  Vs  fr4quence  de  la  radiation  4mise 

■k  C 

A = longueur  d'onde  = — 

. V 

n s constante  de  Planck 

La  puissance  regue  par  le  r4cepteur  d'ouverture  Ap  dans  un  angle  de  vue  cR  est  : 

R,  ~ J_  2h  V Av ^ ^ p 

2 fexp.ilX-  -1  R*'X*' 

As  = surface  de  In  source  ^ ^ 

F = facteur  de  mixage  des  ondes 

Le  '.cteur  i est  une  cons4quence  de  la  d4tection  h4t4rodyne  qui  ne  regoit  qu'une 
polarisa.  on. 


wirwwp' 


sfSfff^P^SSSSSESSSSSSZIIS 


28-3 


Sl  i'-TIAN  a montr6  que  le  champ  de  vue  d'un  tel  r6cepteur  v6rifie  ; 


0R  An-V  A!*  oil  A est  la  longueur  d'onde 


'R 


Apr^s  mixage  avec  I'oscJ.llateur  local  la  puissance  du  signal  de  sortie  est  propor- 
tionnelle  a la  somme  des  puissances  de  la  source  contenue  dans  le  spectre  : 


^LO  * ® ^LO  - ® 


est  la  frequence  de  I'oscillateur  local  et 


B est  la  bande  passante  du  syst^me  d4tecteur  + pr4amplificateur . 
Le  bruit  "shot"  du  d4tecteur  h4t4rodyne  est  ; 

h V B 


NEP  = 


et  le  rapport  signal  sur  bruit 


(SNR) 


2 T) 


et  apr4s  detection  et  integration  : 


SNR  = 


n (bt  ) '■/*' 


2exp.h^  .1 
. Ut 

ou  T est  la  constante  de  temps  d' integration  ' 


L'efficacite  d'un  tel  systeme  depend  done  de  deux  parametres  caract4ristiques  du 
detccteur  : le  renderaent  quantique  et  la  baade  passante. 


Lcs  rendements  quantiques  habituellement  mesur4s  sont  compris  entre  20  % et  60  % 
done  sont  proches  de  la  limlte  thiorique  de  1 et  les  bandes  passantes  de  I'ordre  de 
1 GHz. 
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III  - DETERMINATION  DE  L' ABSORPTION  (R6f.  5.6) 

I I I . 1 - G4neralit4s 

Si  I'on  considere  que  le  soleil  n'a  pas  d'action  sur  le  coefficient  d'absorption 
atmospherique  (hypothese  a v4rl.fiei  en  utillsant  par  exemple  la  lune  ou  une  plan4te  comme 
source  extra-terrestres ) , on  peut  calculer  I’absorption  globale  de  l'atmosph4re 

pour  un  angle  d'observation  donne  (figure  2).  ' ' 


ou  K (h)  represente  le  coefficient  d'absorption  d'une  couche  atmospherique  distincte  A 
I'altitude  h,  R le  rayon  de  la  terre  et  Z 1 ' inclinaison  du  soleil  par  rapport  A la 
verticale.  La  connaissance  de  K.17)  permet  theoriquement  de  remonter  A Ce  calcul 

n'est  valable  qu'A  une  longueur ' d'onde  donnee  et  de  ce  fait  n4cessaite  une  resolution 
spectrale  infinie. 


I I I . 2 - Absorption  verticale 

Dans  le  cas  d'une  vis4e  pic-he  de  la  verticale  (sin  2 petit)  on  a 


1 'absorption  verticale  et  le  signal  transmis  A travers  1 'atmosphere  ost  de  la  forme 


S-  Soexp.  _ k„hsec.2  av«c  sec. 2 r 


1 


cos.  2 
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II  vient  : 


Loq.A_  = _ kchsec.z 

So 


Dans  le  plan  Log.-^— , SCC'Z  cette  derni^re  expression  se  tradult  par  une  droite 

pour  sec  . Z 10»  1»  \mieur  de  1 'absorption  verticale  ko  est  d4duite  de  la  pente  de 

la  droite. 

III. 3 - Echelle  de  hauteur  de  I 'absorption 

Dans  le  cas  oCk  I'on  suppose  une  absorption  uniforme  sur  une  4palsseur  h et  comptc 
tenu  du  fait  que  l'4paisseur  travers4e  en  fonction  deSCC.Z  est  donn4e  par  : 


e 


1 4-  2 h sec  *^z 
R 


IVi 


1 


sec.  2 

nous  pouvons  repr4sentcr  graphiquement  la  relation  qui  donne  : ‘ 

Log.-|- 

bo 

Dans  le  cas  particulier  ou  I'absorption  verticale  est  de  40  % c'est-a-dire  que  la 
transmission  est  telle  que  : 


T = exp.  _ koh  = 0,6 


koh=0,51 


on  peut  4'  re 


Loq.JL;  _.  (koh)-B — f 1 + _2ii_  sec.^’z ^ 
'So  hsec.z  L ^ R / 


4/i 

sec.^’z  ^ - 1 


Nous  obtenons  ainsi  ure  4chelle  de  hauteur  de  I'absorption  pour  des  valeurs  de  SeC-Z 
variables  (figure  3). 

Si  I'on  considere  que  les  mesures  sont  faites  avec  un  rapport  signal  sur  bruit  de 
37  dB,  on  voit  que  pour  uns  couche  absorbante  de  lO  km,  on  ne  pourra  pas  pr4tendre 
explorer  des  rones  pour  lesqi\elles  I'incidence  du  soleil  est  superieure  aSCC2=  20 
c'est-a-uire  Z = 2,85°.  On  voit  done  apparaitre  I'un  des  principaux  int4r4ts  suscites 
par  des  rapports  signau.x  sur  bruits  4lev4s. 


IV  - CONSTITUTION  DE  LA  CHAINS  DE  MESURES 

L'exp4rience  est  men4e  en  collaboration  avec  le  Centre  d'Etudes  et  de  Recherches 
Geod4siques  et  Astrom4triques  (CERGA)  de  Giasse.  Elle  est  install4e  dans  un  de  ses 
Observatoires  situ4  sur  le  plateau  de  Calern. 

IV. 1 - (Antique  de  r4ception 

Elle  est  constltu4e  d'un  miroJr  de  r4ccption  mobile  pointant.  continuellement  le 
soleil  et  d'un  miroir  secondaire  permettant  le  renvoi  du  rayonnement  dans  la  direction 
de  la  chaine  de  mesures.  Un  t4lescope  de  type  Cassegrain  est  en  cours  de  r4alisation; 
mont4  sur  un  "4quatorial"  il  perraettra  la  poursulte  de  J.a  source  solaire  et  I'analyse 
de  I'espacc  environnant  dans  de  raeilleures  conditions. 

IV. 2 - Oscj.llaceur  local 

Les  premieres  s4ries  de  mesures  sont  effectu4es  a I'aide  d'un  laser  A gaz  carbonique 
(C^2  utilis4  comine  oscillatcur  local.  II  est  constit'i4  d'un  tube  de  pyrex  a cathode 

centrale  obstru4  aux  deux  extr4mites  par  des  fen4tres  en  Zn  Se  maintenues  a I'incidence 
brewsterienne  par  des  supports  en  aluminc.  La  cavit4  interf4rom4trique  est  constitu4e  du 
cot4  sortie  par  un  roulticouche  de  Zn  Se,  de  1' autre  par  un  r4seau  orientable;  ce  dernier 
permet  1 'accord  de  la  cavit4  sur  I'une  des  raies  des  branches  R et  P des  transistions 
OOl  V lOO  et  OOl  y020. 

Une  regulation  de  fr4quence,  bas4e  sur  le  maincien  de  la  raie  d'4mission  au  sommet 
de  la  courbe  de  gain,  est  associee  au  miroir  de  sortie  par  1 ' interm4diaire  d'\m  4l4ment 
piezoelectrique . 

La  d4tection  des  fluctuations  de  yuissance  est  assuree  par  un  detecteur  Hg  Cd  Tej 
le  controle  des  raies  d'4mission  est  rendu  possible  par  un  spec trographe  I.R  a lecture 
directe . f • 
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L'oscillateur  local  ainsi  constitu6  permet  une  bonne  stabllite  en  frequence 
( <^10~^)  et  une  derive  en  puissance  n4gligeable  pour  une  mSma  raie  d' Emission. 

II  est  aussi  prevu  d'utiliser  comme  oscillateurs  locaux  un' laser  N2O  et  un  laser  CO. 


IV, 3 - Chaine  de  detection 

Les  premieres  series  de  mesures  sont  effectu4es  avec  un  d4tecteur  Hg  Cd  Te  k large 
bande  (9-11  |i)  associ4  a son  circuit  de  polarisation.  Un  pr4amplificateur  4 large  bande 
et  faible  bruit  rend  possible  1' observation  du  bruit  blanc  qui  r4sulte  du  battement 
entre  l'oscillateur  local  et  la  source  solaire  tres  etendue.  Une  detection  synchrone 
termiiie  la  chaine  d' analyse.  Sa  r4f4rence  est  constitute  d'un  modulateur  a niroir  esca- 
raotable  intercalt  sur  le  trajet  incident  du  faisceau  source.  Un  enregistreur  X,  t inscrit 
la  variation  de  1' absorption  atmosphtrique  globale  en  fonction  de  la  hauteur  de  I'astre. 

Comme  nous  I'avons  indiqut  prtctdemment  pour  obtenir  le  maximum  d' inf ormation  sur 
la  structure  de  1' atmosphere  11  est  ntcessaire  que  le  rapport  S/N  soit  aussi  proche  de 
la  thtorie  que  possible.  Nous  avons  vu  que  S/N  dtpendait  pr incipalement  des  caracttris- 
tiques  du  dttecteur  Hg  Cd  Te.  Nous  avons  done  entrepris  une  ttude  systtmatique  de  la 
sensibilitt  de  ces  dttecteurs. 


V - GENERALITES  SUR  LES  CARACTERISTIQUES  DES  DETECTEURS  Hg  Cd  Te 

La  figure  7 rappelle  le  circuit  tlectrique  Equivalent  d'un  dttecteur  ainsi  que 
les  difftrentes  sources  de  bruit. 

A I'aide  d'un  banc  de  mesures  schtmatisE  sur  la  figure  6 nous  avons  EtudlE  trEs 
prEcisEment  les  bruits  de  la  chaine  dEtectrice. 

Nous  ne  prEsenterons  ici  que  la  conclusion  de  cette  Etude  en  insistent  toutefois 
sur  les  caractEristiques  du  dEtecteur  PV  1216  (figure  7). 

Ces  rEseaux  de  courbes  font  apparaitre  des  phEnomEnes  thermiques  et  d' avalanche 
contraires  E une  bonne  dEtection  hEtErodyne.  Un  compromis  doit  Etre  trouvE  quant  aux 
valeurs  de  la  polarisation  (nEcessaire  pour  obtenir  une  grande  bande  passante)  et  du 
courant  Iq  provenant  de  l'oscillateur  local  laser  (afin  de  rendre  le  bruit  photonique 
prEpondErant ) . 

C'est  ainsi  que  nous  avons  pu  dEterminer,  pour  le  dEtecteur  PV  12l6  polarisE 
entre  0,5  et  1 V ei;  EclairE  par  un  courant  photonique  d' environ  1 mA.  une  efficacitE 
a la  dEtection  de  I'oidre  de  0,8  dans  une  bande  passante  supErieure  k 600  MHz.  Un 
minimum  oEtectable  de  7,10"^*^  W/Hz  pourra  alors  Etre  envisageable  avec  un  rendement 
quant i que  de  30  %. 

Cette  approche  sur  les  dEtecteurs  photovoltalques  Hg  Cd  Te  doit  permettre  leur 
emploi  dans  de  meilleures  conditions  et  ainsi  augmenter  les  possibilitEs  de  dEtection 
de  la  chaine  de  mesures . 


VI  - RESULTATG  EXPERIMENTAUX 


A I'aide  du  inatEriel  prEcEdemraent  dEcrit  nous  avons  entrepris  une  Etude  systEmatique 
de  I'absorption  atmosphErique  verticale  sur  diffErentes  raies  du  laser  CO^,  Les  figures 
9-10-11  reprEsentenc  les  rEsultats  obtenus  sur  3 raies. 


L' absorption  atmosphErique  totale  est 
courbes  pour  des  sec.i.  faibles  : 

s 


Koh| 


Log- 


reprEsentEe  par  la  pente  de  ces  diffErentes 


sec.  2 


On  en  dEduit  immEdiatenent  la  transmission  verticale  : 


T r exp  — [Kohj 


Les  valeurs  de  transmission  vertrcale  sont  comprises  entre  0,75  et  0,88  pour  les 
raies  mesurEes. 

Ces  3 rEsultats  ne  permettent  pas  de  conclure  avec  certltuoe  4 une  absorption  plus 
ou  moins  importante  d'uiie  raie  pur  rapport  a une  autre.  Toutefois  une  rEponse  pourra 
Etre  apportEe  a cette  question  en  procEdant  a de  nombreuses  mesures  d'une  maniere  rEpE- 
tEe  sur  les  mEmes  raies  d'Emission. 


If -u-ri Wi'irtJit 


28-6 


N^anmolns  il  semble  que  les  nesures  faites  au  coucher  du  solell  entralnent  des 
absorptions  plus  grandes  que  celles  effcctufees  le  matin.  II  paratt  logique  d'attribuer 
ces  differences  A ie  prfesence  dans  1' atmosphere  d'une  plus  forte  concentration  da 
vapeur  d'cau  dans  la  soiree. 


D'hutre  part,  1* altitude  k laquelle  sont  effectuees  les  mesures,  la  tres  faible 
humidite  de  la  region  ainsi  que  la  barde  eiectronique  large,  sont  autant  de  ^acteurs 
qui  expliquent  en  partie  les  faibles  valeurs  de  1 'absorption  atmospherique  cans  les 
domaines  spectraux  consideres. 


VII  - CONCLUSION 


Le  radiometre  infrarouge  associe  k la  technique  de  detection  heterodyne  presente 
un  dnorme  interet  de  par  sa  tres  grande  sensibilite  et  sa  haute  resolution.  Cette 
methode  nouvelle  constitue  un  excellent  moyen  de  mesure  de  1 'absorption  atmospherique 
et  peut  contribuer  k la  nise  en  evidence  de  plages  spectrales  transparentes . 

Nous  avions  pour  principal  objectlf  la  realisation  d'un  tel  appareillage  ainsi  que 
son  experimentation  sur  quelques  raies  d'emlssion  du  laser  oscillateur  local.  La  fabri- 
cation des  divers  sous-ensembles  ainsi  que  leur  assemblage  n'ont  pose  aucun  problems 
majeur.  II  en  a ete  de  meme  des  mesures  reallsees  sur  3 rales  d'emlssion  du  laser  CO2  : 
en  effet,  la  transmission  vertical©  a ete  determines  avec  un  excellent  rapport  signal 
sur  bruit. 

Par  ailleurs,  les  tiavaux  realises  sur  le  laser  NoO  permettent  d'envisager  son 
utilisation  en  tant  qu' oscillateur  local  au  sein  du  radiometre  heterodyne. 

D' autre  part,  I 'etude  preiimlnaire  des  detectcurs  Hg  Cd  Te  doit  permettre  leur 
utilisation  dans  les  meilleures  conditions  et  ainsi  d'accroltre  les  possibilites 
futures  de  la  chaine  de  mesures. 

L' analyse  des  travaux  effectues  nous  amene  a envisager  certaines  modifications 
de  1' appareillage  pour  permettre  la  pour suite  eventuelle  de  1' experience.  En  effet, 
la  dispersion  des  resultats  lors  des  mesures  de  la  transmission  verticale  est  llee  pour 
une  grande  part  aux  variations  des  conditions  meteorologiques  (pourcentage  d'H20, 
temperature,  vitesse  du  vent...);  aussi,  si  I'on  veut  entreprendre  une  Itude  compara- 
tive de  1* absorption  dans  le  but  de  determiner  les  fenetres  atmospheriques  possibles 
dans  la  region  des  10  pm,  on  est  contraint  a s'affranchit  des  phenomenes  atmosph6riques 
fluctuants.  De  ce  fait,  il  nous  semble  necessalre  de  joindre  k 1' appareillage  experi- 
mental actuel,  une  voie  servant  de  reference.  Alors  que  le  canal  "mesures"  explorerait 
les  regions  comprises  entre  9 et  11  pm,  le  canal  de  reference  scrait  maintenu  sur  la 
meme  voie  d'emlssion  du  second  oscillateur  local  (par  example  10,59  pm)  pendant  toute 
la  duree  des  essals.  En  plus  de  son  caractere  referentiel , cette  amelioration  precise- 
rait  1' influence  des  differ ents  parametres  meteorologiques  sur  la  valeur  de  1' absorption 
atmospherique . 
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Fig.2  Principe  de  la  mesure  de  I’absorption  atmospherique 
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Fig.4  Principe  de  I’lHR  pour  des  mesures  atmosphdriques 


Circuit  equivalent  du  detecteur 
h 


lo  »|l 


Prcniii|)lifiGateur 


Puissance  de  bruit  a I’ontpee : Pjj  =(Fj-l)  kT.  Af 

4kTdAfRpRe 

(rs+ Rp +Re)^  + Cp^  Rp2  o)2(Ps + Rfi ) 

4kTiiAfrsRe(VRp^Cp^6>^) 
(rs+Rp+Re)^  + Gp^Rp^cd^Us+Re ) 

2qloAf  Rp^Re 

(Ps+Rp+Re)^  + Cp^  Rp^o)^(Ps+Pie) 

'"‘TT 

Puissance  signal  a I'cntrcc: 


Preampiilicateur 


DMeur  I.  R. 


DIIM 

QUESTIONS  AND  COMMENTS 
ON  SESSION  III 


LOG-NORMAL  PROBABILITY  DISTRIBUTION  OF  STRONG  IRRADIANCE  FLUCTUATIONS:  AN  ASYMP- 
TOTIC ANALYSIS 

Dr.  D.  H.  Hohn:  Regarding  the  comment  of  Dr.  Fried  to  this  paper,  within  the  context  of  earlier  laser 
beam  propagation  measurements'*'  aside  from  log-normal,  even  normal  Intensity  distributions 
were  found,  as  well  as  distributions  in  between.  The  detecting  areas  used  were  small,  the  band- 
widths  were  around  some  hu-.dred  Hz  to  1 kHz.  The  analyzing  method  (probability  paper)  could 
not  be  verified  for  a normal  distribution,  but  definitely  could  for  a non  log-normal,  that  can  be 
approximated  by  a normal. 

* D.  H.  Hohn,  Optik  30,  161  and  239  (1969)  (D.  H.  Hohn,  Appl.  Optics,  about  1964,  cited  in  the 
above  mentioned  paper) 

Dr.  L,  R.  Bissonnette:  No  reply  - no  comments. 


Dr.  Consortinl:  The  starting  point  of  your  analysis  is  the  hypothesis  that  the  logarithm  of  the  electric 
field  has  a normal  distribution  which  implies  that  the  phase  fluctuations  be  normally  distributed. 
Have  you  considered  the  possibility  that  the  phase  be  not  nornaally  distributed?  Our  group  has 
some  unpublished  data  from  which  doubt  arises  about  the  distribution  of  phase  fluctuations  v/hich 
in  some  cases  do  not  look  as  a normal  one. 

Dr.  L.  R.  Bissonnette:  No,  the  starting  point  of  my  analysis  is  not  the  hypothesis  that  the  logarithm  of 
the  electric  field  has  a normal  distribution.  I simply  use  this  hypothesis  to  obtain  the  log-normal 
formula  for  the  normalized  irradiance  variance,  equation  15.  T)ien,  I derive,  independently  of 
any  probability  distribution  and  without  closure  approximations,  the  asymptotic  solutions  for  the 
amplitude  moments  (A),  (AA’*')  and  (A^^.  These  solutions  are  substituted  in  the  log-normal 
formula  and  it  is  found  that  the  resulting  expression  diverges  to  infinity,  which  demonstrates  that 
the  log-normal  probability  distribution  for  the  electric  field  is  an  inconsistent  approximation. 
Therefore,  your  findi.-igs  that  the  phase  fluctuations  do  not  appear  to  be  normally  distributed  are 
actually  in  complete  agreement  with  my  analysis. 


Dr.  D,  L.  Fried:  In  a series  of  measurements  I wa«  involved  in  about  seven  years  ago,  measurements 
of  the  probability  distribution  of  intensity  scintillation  were  made  under  saturation  of  scintillation 
condition.  We  found  that  over  more  than  i 2 standard  deviations  the  intensity  variation  was  log- 
normally  distributed.  Doesn't  this  contradict  your  results? 

Dr.  L.  R.  Bissonnette:  Yes,  I am  well  aware  of  this  paradox  which  has  already  been  recognized  by 

Wang  and  Strohbehn  (1974a).  I have  demonstrated  in  this  paper  that  the  log-normal  distribution 
is  either  not  self-consistent,  or  not  consistent  with  Maxwell's  equations.  Therefore,  what  1 can 
say  regarding  this  paradox  is  that  the  apparent  experimental  support  for  the  log-normal  distribu- 
tion in  the  saturation  region  has  a local  eiripirical  value  at  best.  Incidently,  Prof,  Kerr  has  just 
told  us  that  his  recent  measurements  (characterized  by  a small  detector,  . 25  x . 25  mm,  and  a 
large  frequency  bandwidth  of  the  receiving  electronic  equipment)  show  significant  discrepancies 
with  the  log-normal  formula  in  the  saturation  region.  Therefore-,  this  question  of  experimental 
support  is  certainly  not  settled.  However,  based  on  the  theoretical  asumptotic  result  of  this 
paper,  I conclude  that  the  log-normal  hypotheois  canuot  safely  be  used  in  constructing  propagation 
models  in  turbulent  media.  The  reader  may  find  it  useful  to  read  the  last  three  paragraphs  of 
Section  4 of  this  paper  which  deals  with  this  problem. 


MEASUREMENTS  OF  THE  ATMOSPHERIC  TRANSFER  FUNCTION 

Dr.  Buchtemann:  What  is  the  specific  advantage  of  this  interferometric  MTF  measurement  method 
compared  with  recording  the  point  image  and  doing  the  transfer  numerically? 

Dr.  R,  J.  Scaddan:  The  main  advantage  of  the  interferometric  method  is  that  the  measured  MTF  is  in- 
dependent of  the  aberrations  of  the  telescope,  interferometer,  Spectracon  and  Microdensitometer, 
whereas  the  MTF  measured  by  Fourier  transforming  a recorded  point  image  must  be  corrected 
for  the  MTF  of  the  receiving  and  analyzing  optics.  This  MTF  of  the  system  must  be  accurately 
known  for  the  particular  conditions  of  recording  and  analysis. 


INTENSITY  CORRELATION  OF  RADIATION  SCATTERED  ALONG  THE  PATH  OF  A n.A.'.E?  BEAM  PROP 

A GATING  IN  THE  ATMOSPHERE 

Dr.  R.  Reiter:  You  have  taken  into  account  the  influence  of  the  relative  humidity.  However,  this  influ- 
ence seems  to  be  rather  complex.  In  the  range  of  about  60  . , . 100%  relative  humidity,  the  diame- 
ter of  the  aerosol  particles  varies  strongly.  So  it  seems  to  be  necessary  to  record  the  av'rosol 
particle  size  distribution  in  addition  to  the  other  atmospheric  parameters. 

Dr.  M.  Bertolottl:  No  comment. 


DIII-2 


PROPAGATION  OPTIQUE  DANS  L'ATMOSPHERE 


Dr.  H.  T.  Yura;  First,  heterodyne  absorption  measurements  were  made  by  S.  King  and  T.  Hartwlck 
(in  the  US)  at  10. 6u.  Their  resolution  was  10  MHz.  They  also  had  to  account  for  the  finite  diame- 
ter of  the  sum  of  their  signal-to-nolse  ratio  calculations.  They  also  have  made  heterodyne  means 
at  other  wavelength  (e.g. , 3.  8u). 

Dr.  B.  Christophe;  It's  correct  that  the  slgnal-to-nolse  ratio  is  reduced  but  this  is  not  a significant 
drawback  in  our  measurements  which  are  only  relative.  We  hope  to  undertake  measurements  in 
the  5u  band  in  the  future. 


Dr.  B.  Kock:  Is  it  possible  to  calibrate  in  absolute  numbers  the  sensitivity  of  photovoltaic  cells  in 
ordet  to  be  able  to  measure  solar  radiation? 

Dr.  B.  Christophe;  Not  available. 


Summ»ry  of  Seaalon  III 
COHERENT  PROPAGATION 
by 

0r.  H.  T.  Yur»,  Chairman 


The  topic  of  coherent  propagation  can  be  conveniently  divided  into  two  lections,  the  first  having  to  do 
with  discussions  relating  to  the  first  and  second  statistical  moments  of  the  optical  field  (e.g.  phase 
effects,  beam  spread,  while  the  second  relates  to  discussions  of  higher  order  statistical  moments 
(e.g.  irradlance  statistics  or  scintillation  effects).  With  regard  to  the  status  of  affairs  concernlhg 
the  first  and  second  statistical  moments  it  was  clear  from  the  papers  (Dainty  and  Scaddan,  Kerr,  Luto- 
mirski,  Raidt,  and  Yura)  that  experiment  and  theory  are  well  in  hand.  For  instance,  available  theory 
regarding  beam  spread  (Lutomirskl)  permits  calculating  the  long  term  beam  spread  from  an  arbitrary 
laser  transmitting  aperture.  Available  experiments  (Raidt)  on  focussed  laser  beams  seem  to  be  in  good 
agreement  with  theory  both  qualitatively  and  quantitatively.  From  an  engineering  point  of  view,  a 
phenomenological  description  of  turbulence  effects  on  laser  beams  was  given  (Kerr)  including  improve- 
ments resulting  from  the  cancellation  of  beam  wander  through  reciprocity  tracking.  The  phenomenol 
cal  description  is  analytic  and  physically  baaed  and  is  sufficiently  accurate  for  many  engineering  pur- 
poses. Measurements  of  the  atmospheric  modulation  transfer  function  (Dainty  and  Scaddan)  have  been 
carried  out  using  bright  stars  as  sources.  The  form  of  the  modulation  transfer  function  agrees  with 
that  predicted  on  the  basis  of  the  Kolmogorov  spectrum  at  small  separation,  but  there  was  a departure 
at  larger  separation.  This  is  presumably  due  to  finite  outer  scale  effects,  as  discussed  by  Yura.  A 
simple,  physically  intuitive  discussion  of  phase  effects  was  presented  that  obtains  all  of  the  results  of 
Tatarskii  and  others  using  more  rigorous  mathematical  methods.  It  is  felt,  with  regard  to  phase  and 
beam  spread  effects,  that  this  aspect  of  optical  wave  propagation  is  well  understood. 

The  situation  regarding  irradiance  statistics  (1.  e. , the  fourth  optical  moment)  hae  Improved  greatly 
during  the  past  two  years.  Historically,  irradiance  statistics  (or  scintillation  phenomena)  were  the 
most  frequently  measured  and  the  least  well  understood.  In  particular,  the  saturation  of  the  variance 
of  Irradiance  has  been  seen  experimentally  for  over  a decade  while  the  theoretical  explanation  of  this 
phenomena  has  just  recently  appeared  in  the  literature.  A physical  model  of  irradiance  statistics  was 
presented  (Yura)  which  is  in  accord  with  much  of  the  experimental  observations  (as  well  as  other  more 
mathematical  theories).  In  particular,  the  calculated  variance  of  irradiance,  shape  of  the  covariance 
of  irradiance  In  the  saturation  regime,  and  shape  of  the  temporal  power  spectrum  in  the  saturati'  ^ 
regime  all  seem  to  be  in  good  agreement  with  observations.  The  physical -optic  effects  leading  to  satura- 
tion:: phenomena  are  well  understood  in  that  the  physical  model  presented  seems  to  account  for  most 
of  the  observations.  However,  there  still  appears  to  be  a question  regarding  the  probability  distribu- 
tion of  irradiance  (or  equivalently,  amplitude!  in  the  saturation  regime. 

A paper  by  L.  Bissonnette  purports  that  the  optical  wave  amplitude  has  a normal  distribution  in  the 
saturation  regime.  Bissonnette  first  demonstrates  that  the  widely  used  log-normal  hypothesis  for  the 
amplitude  is  Inconsistent  with  the  observation  of  saturation  of  the  variance  of  irradiance.  This  point 
has  been  discussed  previously  by  various  authors  in  the  open  literature.  Bissonnette  then  goes  on  to 
show  that  the  Irradiance  variance  tends  to  V’nity  if  alternatively,  the  wave  amplitude  has  a normal  distrl- 
buti  on.  However,  he  does  not  prove  that  other  probability  distributions  (e.g.  Rayleigh)  are  consistent 
with  a saturated  Irradiance  variance.  During  the  ensuing  question  period  several  people  took  issue  with 
the  normal  distribution  for  the  amplitude.  On  intuitive  grounds,  one  is  led  to  conclude  that  the  cartesian 
components  of  the  complex  field  should  be  normally  distributed  in  the  saturation  (or  multiply  scattered) 
regime.  This  implies  that  the  amplitude  is  Rayleigh  distributed  (and  phase  is  uniformly  distributed  be- 
tween zero  and  2tt).  Indeed,  Professor  Kerr  Indicated  that  a preliminary  analysis  of  his  long  pathlength 
scintillation  experiments  performed  this  semmer  tend  to  support  a Rayleigh  probability  distribution  for 
the  wave  amplitude.  However,  this  should  not  be  taken  as  conclusive  evidence  as  more  data  reduction 
needs  to  be  carried  out.  Also,  D.  Fried  noted  that  strong  scintillation  experiments  carried  out  a num- 
ber of  years  ago  in  California  tended  to  support  a log-normal  distribution  for  the  wave  amplitude.  How- 
ever, it  was  noted  that  a limited  electronic  bandwidth  may  have  been  used  in  these  experiments  leading 
to  biased  results.  Finally,  I wish  to  point  out  that  other  authors  have  concluded  that  the  wave  amplitude 
should  be  Rayleign  distributed  in  the  asymptotic  limit  of  the  saturation  regime  (e.g.  De  Wolf,  Furutsu 
and  Dyson). 

During  the  round  table  discussion  no  major  issues  evolved,  although  a number  of  technical  points  were 
discussed.  For  example,  a rather  lengthy  discussion  of  an  operational  definition  of  the  outerscale  of 
turbulence  took  place,  with  no  definite  conclusions  being  reached.  Everyone  agrees  that  physically 
there  must  be  an  outer  scale  (e.  g.  the  energy  in  the  spectrum  must  be  finite)  but  how  does  one  account 
for  it  in  optical  measurements  in  the  most  general  way  is  still  an  open  issue  with  some  authors. 

In  summary,  I feel  that  phase  effects  are  very  well  understood,  notwithstanding  operational  definitions 
of  the  outer  scale  of  turbulence.  For  example,  one  is  able  to  compute  near  and  far  field  beam  patterns, 
with  and  without  tilt  removal,  for  an  arbitrary  laser  output  field  distribution.  The  physical-optic  effects 
leading  to  saturation  phenomena  appear  to  be  well  understood.  Only  the  question  of  the  wave  amplitude 
probability  distribution  in  the  saturation  regime  remains.  It  is  felt  that  this  matter  will  be  resolved 
only  after  conclusive  experiments  are  performed  (e.g.  those  of  J.  R.  Dunphy  and  J.  R.  Kerr). 
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SiatMARY 

Th*  nugo'  cattforlM  of  the  thermal  bloomini  phenomena  encountered  In  the  propagation  of  high  power  lam  beama  in  the 
open  atmoiphere  are  developed.  The  baiic  phyiical  Ideat  behind  each  type  of  blooming  phenomenon  are  diacutaed;  experimental 
data  and  theoretical  formulation  are  briefly  preaented  that  ahow  the  pteaent  atate  of  knowledge  of  theae  areu  and  to  introduce 
the  reader  to  the  mote  detafled  aubjact  traatmant  that  will  fallow  In  thia  aaction  of  the  conference  report. 


1.  INTRODUCTION 

High  power  laser  beams  propagating  through  the  earth’s  aimosphere  suffer  all  the  effects  that  low  power  beams  encounter,  while,  at 
the  same  time,  creating  some  of  their  own— the  so-called  thermal  blooming  phenomenon.  The  new  effect  here  is  simple  to  describe.  Ab- 
sorption of  laser  radiation  by  the  atmosphere  alters  the  temperature  of  the  ambient  air  and,  in  turn,  its  refractive  index.  The  altered  in- 
dex thereupon  changes  the  characteristics  of  the  propagation  of  the  laser  beam.  Generally,  the  temperature  change  is  positive  causing  the 
air  to  act  like  a thick,  weak  diverging  lens  and  thereby  enlarging  the  beam  size  in  the  focal  plane-hence  the  name  “thermal  blooming.’’ 

Thermal  blooming  is  a non-linear  phenomenon;  analytic  treatments  of  the  effect  are  therefore  difficult  to  obtain.  The  greater 
amount  of  the  theoretical  work  on  the  problem  has  thus  been  confined  to  numerical  integration  of  the  basic  differential  equations  of 
propagation,  althougti  some  notable  analytic  successes  do  exist.  On  the  observational  side,  we  are  better  off.  Laboratory  experiments 
usirig  doped  absorption  cells  and  low  power  beams  first  demonstrated  the  reality  of  the  thermal  blooming  phenomenon  (GORDON,  J.P., 
etai.,  196S;RIECKHOFF,  K.L.,  1966;CALLEN,  W.R.,etaL,1967;MCLEAN,  E.A.,etal.,  1968)  and  have  subsequently  been  done  to 
provide  qualiti'Kve  features  and  quantitative  data.  Although  a number  of  propagation  issues  remain,  in  the  last  five  to  seven  years  the 
basic  prc^lems  of  thermal  blooming  have  been  identified;  the  qualitative  character  of  many  aspects  of  blooming  are  clearly  discernible 
and,  in  many  instances,  quantitative  results  are  available.  Moreover  theory  and  experiment  are  in  suspiciously  excellent  agreement. 

Thermal  blooming  manifests  itself  in  a variety  of  ways.  It  has  proved  useful  to  categorize  the  phenomena  in  accordance  with  the 
kind  of  laser  beam  under  consideration.  Hence,  we  shall  speak  of  CW,  pulsed,  and  multiple  pulsed  thermal  blooming.  In  the  paragraphs 
to  follow,  each  of  these  areas  will  be  fiirther  developed.  Phenomena  that  tend  to  complicate  the  problems  will  be  briefly  addressed.  The 
subsequent  papers  in  theae  proceedings  will  treat  some  of  theae  topics  more  specifically  and  in  greater  detail  than  can  be  done  in  a brief 
resume. 


2.  CW  THERMAL  BLOOMING 


For  simplicity,  the  atmosphere  is  taken  to  be  homogeneous  and  isotropic  in  all  characteristics  except  for  a constant  uniform  wind. 

A CW  laser  beam,  focusaed  at  range  /,  is  turned  on  at  a specified  time  while  slewing  through  the  air;  the  ^am  is  assumed  to  be  steady 
after  tum-on  at  very  early  times,  the  abrupt  switching-on  of  the  heat  source  in  the  air  creates  sound  waves  which  propagate  through  and 
out  of  the  beam-these  sound  waves  continuing  as  long  as  the  beam  fluctuates  in  time.  The  beam  begins  the  blooming  fint  and  most 
rapidly  in  the  focal  volume  (we  are  not  interested  in  the  beam  beyond  focus);  the  beani  spreading  travels  backward  towards  the  laser 
source;  this  ’’mqtion’’  continues  until  the  combined  wind  and  slevving  have  succeeded  in  sweeping  the  heated  air  out  of  the 
beam  (HAYES,  J.N.,  1971;  1972).  At  that  time,  a steady  atate  has  developed  for  the  beam  in  the  vicinity  of  the  aperture;  with  the  pas- 
sage of  time,  the  beam  reaches  the  steady  state  condition  at  longer  and  longer  ranges  until  the  entire  region  between  aperture  and  focal 
plane  becomes  time  indesiendent  (cf.  W^LACE,  J„  JR.  and  CAMAC,  M.,  1970;  AITKEN,  A.H.,  et  al.,  1971),  This  nor  occur,  how- 
ever, if  wind  and  slewing  combine  algebraically  to  be  zero  somewhMC  along  the  beam;  then  the  beam  will  be  steady  for  all  ranges  short  of 
the  zero  wind  point,  the  so-called  stagnation  point,  and  time-dependent  at  longer  ranges  (HAYES,  J.N.,  1972).  This  kind  uf  thermal 
blooming  has  come  to  be  called  ’ stagnation  zone  blooming.’’  (If  slew  rate  and/or  wind  speed  change  with  time,  the  stagnation  point 
moves,  increasing  the  complexity  of  a description  of  the  effect.)  For  beams  slewed  at  a sufficiently  high  angular  rate,  the  relative  motion 
between  the  beam  and  the  air  can  be  Mach  1 at  some  point  between  gperture  and  focus;  or  the  natural  (relative)  wind  speed  may  be  that 
large.  The  sound  waves  generated  by  the  unheated  air  paasing  into  the  beam  will  then  remain  in  the  beam,  accumulating,  with  time,  den- 
sity changes  which  may  listort  the  team.  In  this  case,  the  team  is  said  to  suffer  “trans-sonic  blooming”  (HOGGE,  C.B.,  and  BRAU,  J.E., 
1974;  HAYES,  J.N.,  1974). 

Thus,  the  prime  thermal  blooming  problems  associated  with  steady  CW  lasers  are:  (1)  transient  CW  thermal  blooming,  (2)  steady 
state  CW  thermal  blooming  (CWSS),  (3)  stagnation  zone  CW  thermal  blooming  (CWSZ),  and  (4)  transonic  blooming.  By  altering  the 
basic  simplifying  initial  premises,  one  can  complicate  the  details  of  any  one  of  these  topics,  but  nothing  fundamentally  new  is  added. 

Steady  state  CW  blooming  has  received  the  most  attention.  Transient  thermal  blooming  is  of  tertiary  interest  except  as  a check  on 
computer  codes  designed  to  handle  time-dependent  problems.  Stagnation  zone  blooming  is  as  important  as  CWSS  and  is  being  actively 
studied  at  present,  and  the  transonic  case  has  proved  to  be  an  exciting  but  short-lived  topic. 


2.1.  Sttady  State  CW  Thmiwl  Blooming 


Qualitative  studies  by  a number  of  investigaton,  some  previously  cited,  showed  the  reality  of  the  CW  steady  state  blooming  effect. 
Quantitative  work  foUowed  a few  yeais  tatev  (cf.  GEBHARDT,  F.G.  and  SMITH,  D.C.,  1971 ; KLBIMAN,  H.  and  O'NEILL,  R.W.,  1971). 
Simple  considerations  were  immedbtely  confirmed;  for  exa?iple,  the  time  for  the  onset  of  the  steady  state  is  of  the  order  of  the  wind 
transit  time  d/v  at  the  aperture  (d  “ aperture  diameter  of  beam,  v » transverse  component  of  wind);  the  deflection  of  the  beam  into  the 
wind,  Le„  of  Sight  rays  into  regions  of  higher  refractive  index,  was  observed  as  expected,  and  also,  for  the  same  physical  reason,  the 
pronounced  elongation  of  the  beam  in  the  dirMtion  orthogonal  to  the  wind  vector.  The  more  accurate  quantitathe  data  providsd  a 
test  bed  for  the  refined  theoretical  analyses  that  were  taking  place.  Several  theoretical  groups  in  the  US  developed  a variety  of  numerical 
algorithms  to  solve  the  wave  equation  (BRADLEY,  L.  and  HERRMANN,  I„  LL,  WALLACE,  J.,  AVCO-EVERETT;  AITKEN,  A., 
HAVES,  J.N.,  ULRICH,  P.B.,  NRL;  HOGGE,  C.B.,  and  BUTTS,  R.R.,  AFWL;  BREAUX,  H.  and  ALCARAZ,  E.,  BRL;  later,  FLECK,  J., 
JR„  LLL;  BROWN,  W.P.,  JR.,  HUGHES;  LYNCH,  P.J.  and  BULLOCK,  D.,  TRW;  GEBHARDT,  F.G.,  UTRC;  and  LUTOMIRSKI,  R., 
PACIFIC-SIERRA).  Tne  different  methods  were  compared  with  one  another  and  found  to  agree,  and,  finally,  were  shown  to  agree 
with  laboratory  experiment  (HAYES,  J.N.,  et  al„  197 1).  Figure  1 shows  a photograph  of  a cross-section  of  a stead>  state  CW  bloomed 
beam  taken  during  a UTRC  (United  Technology  Research  Center,  formerly  UARL)  experiment;  alongside  is  an  isoirradiance  contour 
plot,  generated  by  the  Lincoln  Laboratory  (LL)  theory  group,  of  a closely  related  case.  The  qualitative  comparison  is  clearly  excellent 
An  extensive  quantitative  comparison  between  the  UTRC  experimental  results  and  theory,  made  by  the  NRL  group,  is  shown  in  Figure 
2.  Plotted  here  is  the  peak  irradiance  of  the  bloomed  beam  to  the  peak  itradiance  of  the  attenuated  but  unoistorted  beam  against  a 
dimensionless  parameter  N,  as  deflned  by  the  UTRC  group.  The  computer  simulation  of  the  laboratory  experiment  is  clearly  quite  good. 

The  basic  physical  parameters  that  must  be  specified  for  a complete  description  of  the  CW  steady  state  thermal  blooming  problem 
are;  (1)  the  beam  shape  at  the  aperture,  along  with  a characteristic  radial  length  a,  and  power  P;  (2)  the  aperture  phase,  including  the 
focal  length/;  (3)  the  beam  wavelength  X,  or  wave-number  k = 2irX~t  ;(4)  the  atmospheric  absorption  coefficient  o^(X)  and  scattering 
coefficient  «,(X);  (5)  the  component  v of  natural  wind  speed  transverse  to  the  beam  propagation  axis;  and  (6)  the  slewing  rate  U.  If  all 
discussions  are  restricted  to  a fixed  beam  shape  and  phase  distribution  at  aperture,  there  are  eight  physical  numbers  to  be  specified;  if 
range  R at  which  observations  are  made  is  distinct  from  the  focal  length  /,  one  more  parameter  is  adjoined  to  the  set  The  propagation 
equation  (the  paraxial  approximation  to  the  Kirchoff  equation)  may  be  cast,  in  sevei^  ways,  into  dimensionless  form,  wherein  the  above 
physical  parameters  appear  in  several  dimensionless  parameter  combinations.  Current  favorites  are:  (1)  the  distortion  parameter  = 
(aP/pCpV6)(3e/3r)(A://j),  (2)  the  Fresnel  number  Np-  = ka^lf,(3)  the  slewing  number  Nw  = fV7v,and  (4)  the  absorption  number  * 
otf  (BRADLEY,  L.  and  HERRMANN,  I.,  1974).  If  range  R and  focal  length  are  not  identical,  replace /by  R above  and  introduced 
(S)  the  defocussing  parameter  N/i  =f/R.  The  distortion  parameter  A4>  is  a measure  of  the  energy  deposited  in  a volume  of  air  that  has 
crossed  the  aperture  and  is  therefore  proportional  to  aP/av. 

A basic  characteristic  of  CW  steady  state  thermal  blooming  is  schematically  illustrated  in  Figure  3,  which  is  a variant  of  Figure  2. 
Here  we  have  plotted  absolute  focal  plane  peak  irradiance  against  the  distortion  parameter  N;>.  Fixing  all  parameters  except  power,  the 
abscissa  may  be  read  as  power.  The  lower  curve  is  representative  of  a case  with  no  slewing  and  the  higher,  of  a non-zero  slewing  number. 
The  dashed  line  represents  the  plot  in  the  presence  of  attenuation  but  no  blooming,  while  the  solid  lines  are  the  curves  with  blooming 
present  and  have  been  generated  theoretically  and  observed  experimentally.  A very  important  feature  is  noted  by  the  small 
vertical  strokes.  For  all  physical  parameters  held  fixed  except  power,  we  see  that  peak  focal  plane  irradiance  achieves  a maximum 
value,  called  the  optimum  irradiance,  fop.  at  a finite  value  of  power,  the  so-called  optimum  power  f*op  (also  called  the  critical  power). 

The  corresponding  value  of  No  is  called  the  critical  distortion  parameter.  Further  increase  of  laser  power  creates  so  much  blooming  that 
the  peak  flux  drops.  The  value  of  Fop  will  depend  upon  all  the  remaining  physical  variables,  which  implies  that  the  maximum  deliverable 
peak  irradiance  and  the  power  levels  to  accomplish  that  depends  upon  the  wavelength,  absorption,  wind  speed,  slewing  and  range.  The 
curves  also  schematically  demonstrate  the  shift  to  higher  vdues  of  fop  and  Fop  with  increased  slewing  rates;  this  shift  occurs  because  the 
higher  wind  speeds  downrange  diminish  the  focal  volume  contribution  to  the  overall  result. 

Such  curves  have  come  to  be  called  power  optimization  curves.  Curve  fits  to  computer  generated  data,  and  to  experimental  data, 
have  been  generated  at  Lincoln  Laboratory,  Naval  Research  Laboratory,  United  Technology  Research  Center  and  elsewhere.  There  are 
no  unique  functional  forms  and  the  choice  of  form  may  be  affected  by  the  degree  of  accuracy  of  curve  fit  that  is  sought.  The  virtue  of 
these  “scaling  laws,”  as  tlie  formula  fits  have  come  to  be  called,  is  that  they  enable  one  to  make  rapid  estimates  of  thermal  blooming 
effects  in  application  studies,  and  to  determine  the  values  of  fop  and  Fop. 

The  power  optimization  curves  are  unique  to  each  beam  shape  and  phase  front  selection.  Nevertheless,  all  cases  studied  show  the 
same  general  characteristics,  A family  of  optimization  curves  for  defocussed  beams  is  schematically  illustrated  in  Figure  4,  where  we  see 
that  the  optimum  power  increases  with  increasing  values  of  the  defocussing  parameter  = f/R,  while  the  optimum  peak  irradiance  ap- 
pears to  decrease  by  about  a factor  of  2/3  to  1/2.  The  dashed  curve  represents  the  envelope  of  the  optimum  irradiance  points. 

The  detailed  structure  of  the  power  optimization  curves  may  be  modified  purposefully  by  a judicious  choice  of  the  aperture  phase 
distribution  in  a preprogrammed  or  in  an  active  manner.  While  it  is  true  that  CW  steady  state  blooming  contributions  are  approximately 
equally  distributed  along  the  beam,  the  cumulative  pliase  changes  acquired  by  various  light  rays  along  their  paths  may,  in  some  approxi- 
^ mation,  be  ascribed  to  an  equivalent  phase  distortion  located  at  the  exit  aperture  of  the  laser.  To  the  extent  that  these  phases  can  be 
calculated  in  terms  of  the  meteorological  and  laser  parameters,  a phase  distortion  can  be  deliberately  Induced  in  an  element  of  the  optical 
train  to  compensate  for  this  distortion  and  thereby  partially  compensate  the  blooming.  Bradley  and  Herrmann  (BRADLEY,  L,  and 
HERRMANN,  J.,  1974)  have  shown  the  feasibility  of  the  idea;  Figure  S,  taken  from  their  work  demonstrates,  the  dramatic  reduction  in 
the  blooming  that  can  be  achieved  in  a single  case,  while  Figure  6)  shows  their  alteration  of  the  power  optimization  curves  for  truncated 
Gaussian  beams  for  two  stewing  numbers.  It  is  seen  that  the  critical  distortion  parameter  is  raised  and  the  peak  irradiance  is  Increased. 
Because  the  thermal  effects  of  the  focal  volume  are  reduced  by  high  slewing  rates,  their  method  works  better  for  high  slew  numbers. 
Coherent  optical  adaptive  techniques  (BRIDGES,  W.B.,  et  al.,  1974)  possess  the  potential  to  compensate  actively  both  turbulence  and 
thermal  blooming. 


2,2.  CW  Stagiution  Zone  Blooming 


CW  stagnation  :one  blooming  is  as  frequent  a phenomenon  as  the  CW  steady  state  case,  but  is  considerably  more  complicated  by 
the  introduction  of  a new  variable- time.  The  physics  of  CWSZ  blooming  is  not  different  from  that  of  CWSS  blooming,  but  the  numerical 
work  becomes  more  tedious  and  lengthy,  requiring  more  “bookkeeping,”  computer  storage  space,  and  computational  time.  Experiments 
likewise  increase  in  etigineering  complexity,  particularly  for  the  caae  of  moving  stagnation  zones. 
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Early  work  done  on  stagnation  rone  blooming  (HAYES,  J.N.,  1972)  set  the  geometric  conditions  for  the  existence  and  motions  of 
stagnation  zones,  and  semiquantiiativr  arguments  showed  that  zone  locations  near  the  focal  volume  caused  the  most  rapid  and  most 
severe  deterioration  of  the  beam  in  the  focal  plane.  A vatiety  of  secondary  atmospheric  phenomena  such  as  laser  induced  convection, 
or  natural  turbulence  do  not  appear  to  have  the  necessary  short  time  scales  to  ameliorate  stagnation  zone  blooming.  Within  the  past 
year,  propagation  colss  have  been  developed  that  can  handle  these  problems  (FLECK,  J.A.,  JR.,  et  al.,  1975;  ULRICH,  P.B.,  1974). 
Laboiatory  simulations  performed  at  UTRC  have  provided  as  set  of  quantitative  data  against  which  the  computer  code  predictions  can 
be  compai^  (BERGER,  P.J.,  et  al.,  1975).  Berger  has  developed  a tentative  formulation  of  a stagnation  zone  scaling  law  (BERGER, 
P.J.,  1975). 

The  oondltiuns  under  which  stagnation  zone  blooming  occurs  are  illustrated  in  Figure  7.  The  source  is  taken  to  be  in  motion,  rela- 
tive to  the  atmosphere,  with  speed  a and  the  beam  is  in  angular  motion  with  slew  rate  If  n or  a varies  with  time,  the  location  of  the 
stagnation  point  will  move  relative  to  the  beam,  as  indicated  in  i s figure  by  the  dashed  arrow.  While  the  combined  winds,  a nz,  add 
tc  ;«ro  at  one  point  only,  there  is  a general  volume  in  the  beam  in  which  the  air  is  being  continuously  heated  in  spite  of  the  beam/air 
moriopt.  This  region  is  more  easily  perceived  by  depicting  the  total  motion  relative  to  the  stagnation  point  at  Zs  “ ~R/v,  as  in  Figure  8. 
The  shaded  regior.  of  the  figure  depicts  the  stagnation  zone  at  time  / seconds  after  the  beam  has  been  switched  on;  for  a beam  focussed 
at  range/,  the  length  of  this  region  is  approximately  proportional  to  aoQ  ~ 2slf)IHt,  where  ao  is  the  beam  radius  at  aperture.  The 
absorbed  energy,  within  the  stagnation  volume,  is  proportional  to  oPr/ufit  1 - Zslf)^ . Thus,  the  strength  of  the  lens,  after  initial  tran- 
sients have  decayed,  is  roughly  proportional  to  oP/ao(  1 - Zglfi.  This  simple  picture,  due  to  the  UTRC  group  (BERGER,  P.J.,  et  aL, 
1974),  shows  that  the  stiength  of  the  lens  for  u stationary  stagnation  zone,  becomes  constant  after  a sufficient  passage  of  time  and  is 
stronger  closer  to  the  focus.  The  effect  of  the  “lever  arm”  must  be  adjoined  to  evaluate  the  amount  of  blooming  as  a function  of ' 
location. 

Figure  9 is  taken  from  a forthcoming  paper  of  Berger,  et  al.,  and  shows  the  decline  in  peak  irradiance  with  time  at  a given  observa- 
tion plane  due  to  blooming  in  the  presence  of  a stagnation  zone.  The  laboratory  simulation  was  achieved  by  rotating  a horizontal  ab- 
sorption cell,  through  which  a 10.6m  laser  beam  passed,  about  a pivot  point  whose  location  could  be  selected  as  desired.  The  black 
circles  are  the  t^edictions  made  with  the  NRL  4-D  code  in  a computer  simulation  of  the  experiment;  it  was  necessary  to  include  natural 
convection  in  the  theory  to  obtain  agreement  with  the  data.  The  agreement  between  theory  and  experiment  is  quite  good  both  in  the 
magninide  of  the  effect  and  the  time  scales  for  the  onset  of  the  quasi-steady  state.  The  work  of  these  authors  confirms  the  qualitative 
ideas  about  the  strength  of  the  effect  and  its  dependence  on  the  important  physical  parameters  and  has  provided  a quantitative  basis  for 
further  study  in  this  area  of  thermal  blooming. 


2.3.  CW  Transonic  Thermal  Blooming 

If  any  portion  of  a laser  beam  moves,  due  to  slewing  or  wind  speeds,  at  a speed  equal  to  that  of  sound,  then  the  sound  waves  gen- 
erated by  the  beam/air  interaction  will  tend  to  remain  stationary  in  the  beam  so  that  the  resultant  density  and  index  changes  increase 
with  time.  Beam  quality  may  thus  be  subsequently  affected;  the  question  is  the  strength  of  the  effect.  Exact  solutions  of  the  nonlinear 
hydrodynamic  equations  for  a steady  one-dimensional  flow  in  the  presence  of  a fixed  one-<limensionai  heat  source  have  been  derived 
(HAYES,  J.N.,  1974^;  the  solution  show  that,  at  Mach  1,  very  large  density  changes  develop.  These  results,  however,  suffer  from  the 
obvious  geometrical  (and  related  boundary  condition)  problems  and  their  implications  for  the  two-dimensional  cases  are  suggestive  but 
unclear.  Ilogge  (HOGGE,  C.B.  and  BRAU,  J.E.,  1974)  independently  studied  the  time  development  of  the  density  changes  in  the  two 
dimensional  problem  by  numerical  methods  and  concluded  that  large  density  changes  could  develop.  Subsequently,  an  exact  solution  of 
the  two-dimensional  linearized  hydrodynamic  problem  for  an  arbitrary  moving  heat  source  was  derived,  independently,  by  Ellinwood 
and  Mitels  (ELUNWOOD,  J.C.,  et  al.,  1975),  Wallace  and  Pasciak  (\V.\LLACE,  J.,  et  al.,  1975),  and  by  the  author  (HAYES,  J.N.,  1974). 
These  solutions  approach  the  steady  state  solution  of  Tsien  and  Bielock  (TSIEN,  H.S.,  et  al„  1949)  as  t -» <»;  at  Mach  1,  tliis  density 
change  becomes  intinite  (violating  the  linearization  hypothesis,  of  course).  For  a slewed  beam,  Mach  1 v/ill  occur  at  one  point  only; 
Bradley  (BRADLEY,  L.,  1974)  showed  that,  when  calculating  the  focal  plane  phase  changes,  this  singularity  was  integrable  and  that  the 
resultant  pi'.ase  distortions  were  too  weak  ti  represent  significant  alteration  of  tiie  beam.  However  if  the  Mach  1 condition  prevails 
everywhere  in  the  beam,  Bradley  concludes  the  effect  may  Oien  be  strong.  This  result  has  been  confirmed  subsequently  by  propagation 
calculations  by  Wallace.  Because  strong  density  changes  in  the  linearized  hydrodynamic  theories  are  suspect,  Wallace  (WALLACE,  J., 
JR.,  1975),  and  subsequently  Ellinwood  and  Mitels  (ELLINWCXJD,  J.C.,  et  aL,  1975)  investigated  the  nonlinear  effects  and  concluded 
that  nonlinearities  greatly  suppress  the  density  changes,  enhancing  Bradley’s  argutivent.  It  appears  now  that  transonic  effects  will  not 
cause  serious  perturbations  on  the  quality  of  a high  energy  laser  beam  except  under  very  special  circumstances. 


3.0.  PULSED  THERMAL  BLOOMING 

Short,  high  power,  high  energy,  single  pulse  beams  suffer  a variety  of  thermal  blooming  different  from  the  CW  steady  state  kind. 
Multiple  pulse  beams  will  undergo  blooming  of  each  kind,  but  a careful  selection  of  parameters  will  allow  for  improved  propagation. 


3.1.  Single  Pulse  Blooming 

The  air  may  be  regarded  as  stationary  for  short  pulses  of  lengths  of  the  order  of  tens  of  microseconds;  therefore,  the  long-term 
isobaric  CW  blooming  effects  discussed  in  section  2 will  not  take  place.  Instead,  there  are  density  changes  associated  with  the  generation 
of  strong  sound  waves;  these  are  given  by  (LONGAKER,  P.R.  and  LITVAK,  M.K.,  1969) 

5p(G*,0  5 - »’V^«/(r,z,0 


where  /(r,  z,  r)  is  the  local  instantaneous  beam  irradiance.  Axial  symmetry  is  assumed  here.  The  peak  irradiance  distribution  in  any 
plane  downrange  can  be  shown  to  be  approximately  (AITKEN,  A.H.,  et  al.,  1973) 

7(0,  z./)  - 7(0,z,0)(l-r3/,3) 


where  te  is  a characteristic  time  proportional  to  the  pulse  power  attd  depends  upon  the  rrmaining  atmospheric  and  laser  oarameters. 
Beam  behavior  as  a (Unction  of  time  is  Uhutrated  in  Figure  KL  Acooiding  w the  above  expiesrion.  the  on-axis  irradiance  vanishes  at 


jSfyvr*->"''rv-  •'Ti!'*Ti*'T-;"  -. 
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t*tc\  this  is  not  true  In  reality  but  the  constant  if  is,  inUeed,  an  appropriate  time  scale  characterizing  the  decay  of  the  on-axis  intensity. 
Ulrich  (ULRICH,  P.B.,  1971)  has  shown,  with  a wave-optics  pulse  propagation  code,  that  the  above  expression  for  on-axis  intensity 
represents  the  behavior  of  a Gaussian  ' «am  with  very  good  accuracy. 

Two  important  characteristics  of  single  pulse  blooming  to  be  emphasized  are:  (I ) most  of  the  blooming  contributions  arise  from 
the  focal  volume,  unless  the  power  is  extremely  high,  and  (2)  the  detailed  characteristic  of  the  blooming  are  very  strongly  shape  depend- 
ent through  the  presence  of  the  factor  V^/.  The  second  point  is  somewhat  mitigated  by  tlie  first  since,  in  the  focal  region,  all  beams, 
through  diffraction,  tend  to  look  similar  to  one  another.  The  importance  of  beam  shape  increases  as  power  increases  because  the  near- 
fleld  contributions  to  blooming  increase. 

For  any  conceivable  application,  when  the  on-axis  intensity  drops  to  zero,  the  pulse  should  be  terminated  thereafter;  this  leads, 
from  the  condition  1 - tp/tf  0,  to  a relationship  between  pulse  energy  Ep  and  pulse  length  tp  which  is  Kpt^  “ constant.  Tlius,  every 
pulsed  laser,  characterized  by  a point  (£p,  tp)  in  an  t'-i  plane,  with  values  of  (£,  t)  “above”  the  line  £pt^  “ constant  will  be  dominated 
by  thermal  blooming  in  the  focal  plane. 

However,  not  every  laser  corresponding  to  a point  below  the  blooming  line  will  be  capable  of  delivering  energy  to  the  focal  plane; 
when  the  pulse  lengths  are  made  very  short,  air  breakdown  sets  in  to  limit  the  fluence  delivery  (see  the  paper  by  Lencioni  in  these  pro- 
ceedings; for  a comprehensive  review  of  laser  induced  air  breakdown,  see  Smith,  D.C.,  and  Meyerand,  R.G.,  1976  and  also  SMITH,  D.C., 
1974).  Assuming  a unique  breakdown  threshold  lntenslty7ir,  pulse  energies  and  pulse  lengths  at  threshold  are  related  by  h'p  ^ l^tpwf, 
where  <t/  is  beam  radius  in  the  focal  volume.  Thus,  a pulse  lasc  will  need  to  have  its  characteristic  point  (£p , tp ) in  the  £-r  plane  lying 
below  the  curve  £ptp  = constant  and  to  the  right  of  tlie  curve  £p  ==  Iptpitaj  in  order  to  deliver  fluence  at  the  focal  plane  without  hin- 
derance  from  blooming  and  breakdown.  Tliese  restrictions  are  illustrated  in  Figure  10.  Finally,  if  a minimum  fluence  delivery  is  the 
objective  of  a high  power  single  pulse  laser,  then  the  pulse  energy  £p  must  exceed  a minimum  value  £m  whatever  the  pulse  length.  Tliis 
lower  bound  is  also  indicated  in  the  Figure.  Thus  the  combination  of  pulse  energy  and  pulse  length  of  the  desired  pulsed  high  power 
laser  must  lie  within  the  unshaded  triangle  of  Figure  1 0;  if  £m  exceed  the  value  of  £ where  the  breakdown  and  blooming  lines  intersect, 
then  no  useful  single  pulse  laser  exists. 

The  borders  of  the  triangle  of  Figure  1 1 depend  upon  wavelength,  focal  length,  initial  beam  size  and  beam  quality.  The  breakdown 
border  is  vague  because  there  is  no  unique  breakdown  threshold  for  a mixture  of  aerosol  sizes  and  because  transmission  will  also  be  a 
function  of  pulse  length.  This  latter  ambiguity  urises  because  the  transmission  will  be  limited  by  the  size  of  the  air  breakdown  plasmas, 
and  for  short  pulses,  this  growth  may  remain  small  enough  to  permit  some  propagation  through  the  beam.  Work  in  this  area  is  in  progress. 

Experimental  conFirmation  of  the  theory  for  single  pulse  t^  blooming  is  discussed  in  a separate  contribution  to  these  proceedings 
(see  O’NEILL,  R.,  JR.  and  KLEIMAN,  H.,  197S).  We  shall  see  that  the  verification  is  quite  good. 

In  the  event  that  t^  blooming  is  so  weak  that  no  significant  beam  distortion  occurs,  then  the  density  changes  accumulated  in  the 
beam  from  simple  isobaric  heating  will  cause  blooming  (HAYES,  J.N.,  1971,  and  A.  ”EN,  A.H.,  et  al.,  1973).  This  kind  of  blooming 
has  received  quantitative  confirmation  (CARMEN,  R.L.,  et  al.,  1968,  KENEMUTH,  J.R.,  et  al.,  1 971,  and  BUSER,  R.,  et  al.,  1975). 


3.2.  Multiple  Pulse  Propagation 

Multiple  pulse  high  power  beams  are  potentially  affected  by  the  blooming  of  single  pulse  beams  and  the  isobaric  heating  effect 
experienced  by  CW  beams.  However,  a new  effect,  called  enhancement,  occurs,  which  makes  it  possible,  through  a judicious  choice  of 
parameters,  to  reduce  or  eliminate  each  kind  of  blooming. 

A reduction  in  the  strength  of  single  pulse  blooming  and,  concomitantly,  of  the  density  of  self-induced  air  breakdown  plasmas  may 
be  achieved  by  defocussing  the  beam;  the  decrease  influence  levels  is  then  to  be  compensated  by  repetitive  pulsing.  At  high  single  pulse 
energies  and  low  repetition  rates  with  a sufficiently  strong  wind,  one  expects  to  see  repeated  single  pulse  beams  propagating  independently 
of  one  another.  At  high  repetition  rates  and  for  all  pulse  energies,  one  would  expect  to  see  behavior  similar  to  that  of  a CW  beam.  The 
intermediate  cases  therefore  become  of  interest.  Wallace  proposed,  (WALLACE,  J.,  JR.,  1973)  and  was  among  the  first  to  show 
(WALLACE,  J.,  JR.,  and  LILLY,  J.,  1975)  that,  in  the  absence  of  single  pulse  blooming,  intermediate  repetition  rates  could  be  chosen 
which  would  improve  the  average  peak  irradiance  over  that  of  the  attenuated  but  undistorted  beam-i.e.,  instead  of  blooming  one  could 
achieve  an  enhancement.  The  reality  of  enhancement  has  been  confirmed  experimentally  (BUSER,  R.,  et  al.,  1974;  also  see  the  presenta- 
tion of  EDELBERG,  S.,  these  proceedings).  One  version  of  this  result  is  depicted  in  the  grapli  of  Figure  1 1 , computed  by  Ulricli.  'fhe 
abscissa  is  the  pulse  repetition  frequency;  its  relation  to  the  overlap  number  is  indicated  on  tlie  graph.  Tlie  ordinate  is  average  peak 
irradiance,  normalized  to  unity  at  Nq  = v\  Each  point  of  tlic  curve  represents  the  result  of  a computer  calculation  for  a beam  of  the 
same  fixed  average  power  as  any  other  point;  pulse  energy  tlierefore  decreases  as  the  repetition  frequency  increases.  The  dashed  line 
indicates  the  peak  irradiance  level  of  a CW  high  power  beam  under  the  same  conditions.  It  is  seen  that  as  A/q  increases  the  performance 
of  the  MP  device  approacnes  that  of  the  CW  and  it  is  also  true,  but  not  indicated  here,  tliat  the  beams  begin  to  look  alike.  A*,  zero  over- 
lap, the  beam  propagates  without  any  blooming.  For  values  of  Nq  oetween  1 and  tlie  relative  peak  irradiance  increases  above  unity  - 
hence  the  term  enhancement  The  optimum  value  of  overlap  number  will  depend  upon  the  wind,  aperture  size,  pulse  energy,  absorption 
coefficient  and  range,  among^other  things.  The  magnitude  of  the  enhancement  at  optimum  overlap  number,  for  a wide  variety  of  cases 
studied,  is  small-i.e.,  the  beam  propagates  mostly  like  a vacuum  beam.  The  significant  point  is  that  there  is  no  significant  degradation 
of  the  peak  irradiance  even  though  atmospheric  heating  is  taking  place. 

These  calculations  were  done  assuming  no  single  pulse  blooming.  When  t^  effects  cannot  be  ignored,  beam  quality  is  adversely 
affected.  The  degree  of  defocussing  chosen  to  avoid  single  pulse  effects  is  generally  determined  by  Hk  f blooming  theory  discussed 
earlier;  when  these  effects  cannot  be  avoided,  then  corrections  to  the  multiple  pulse  code  computer  results  can  be  made  with  the  same 
theory. 

The  multiple  pulse  compute'  programs,  developed  at  a number  of  US  laboratories,  have  the  assumption  of  no  single  pulse  blooming 
in  common,  with  the  exception  of  the  Lawrence  Livermore  code  (FLECK,  J.A.,  JR.,  et  al.,  1975)  which  includes  a quasi-self-consistrnt 
single  pulse  blooming  correction.  As  with  CW  computer  codes,  the  MP  programs  come  in  a “steady  state"  version,  and  a full  time- 
dependent  transient  form.  The  latter  is  required  for  the  study  of  multiple  pulse  stagnation  zone  blooming. 
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In  addition  to  the  confirmation  of  the  enhancement  cited  above,  extensive  multiple  pulse  propagation  experiments  are  underway 
at  Lincoln  Laboratory.  Dr.  Seymour  Edelberg  of  Lincoln  Laboratory  discusses  these  in  a special  detailed  discussion  of  multiple  pulse 
propagation  in  the  next  paper. 


3.  SPECIAL  PROBLEMS 

The  discussion  of  the  previous  sections  was  based  on  enormous  simpUricatlons  of  the  propagation  issues.  The  real  world  phenomena 
will  be  considerably  more  complicated.  Some  of  these  complications  are  not  essential  to  the  understanding  of  the  therma'  blooming 
effect,  altitough  they  may  be  very  important  To  mention  a few  topics  we  have  in  mind,  these  include  the  effect  of  beam  shape,  temporal 
dependence  of  power  and  of  beam  shape,  winds  variable  both  in  space  and  time,  variable  absorption  and  extinction  coefficients,  etc.  These 
special  topics  are  very  hard  to  categorize  and  therefore  not  amenable  to  systematic  study.  It  is  therefore  more  suitable  to  let  the  special- 
ized devices  and  atmospheric  conditions  determine  when  they  should  be  addressed. 

Other  categories  of  special  problems  that  are  under  active  investigation  but  will  only  be  touched  upon  here  are;  ( I ) aerosols, 

(2)  turbulence,  (3)  Jitter  and  thermal  blooming,  (4)  kinetic  effects,  (S)  multiline  propagation,  and  (6)  adaptive  aperture  techniques. 


3.1.  .Aerosols 

As  in  the  case  of  low  power  propagation  aerosol  extinction  must  be  taken  into  account  in  the  total  extinction  coefficient;  while 
aeroaob  ate  not  necessarily  spherical,  and  refractive  indices  are  not  generally  known,  Mie  scattering  theory  can  provide  rough  estimates 
of  the  size  of  the  scattering  coefficients.  However  experimental  work  on  aerosol  distributions,  compositions  and  types  as  well  as  real 
attenuation  measurements  that  separate  out  the  molecular  and  aerosol  effects  are  needed. 

Specific  questions  peculiar  to  high  power  propagation  arise  however.  As  mentioned,  air  breakdown  occurs  creating  plasmas  that 
will  tend  to  obstruct  propagation.  While  breakdown  thresholds  are  fairly  well  in  hand,  more  propagation  data  are  needed.  For  aerosols 
that  do  not  cause  breakdown,  there  remains  the  matter  of  aerosol  heating.  Whether  or  not  the  aerosols  evaporate,  all  aerosols  will  heat, 
some  of  the  absorbed  energy  being  stored  internally,  the  remainder  being  conducted  to  the  ambient  air.  For  vaporizing  aerosols,  such 
as  liquid  droplets  iii  particular,  evaporation  constitutes  a iarge  heat  sink.  Thus,  not  all  the  aerosol  absorption  leads  to  atmospheric  heat- 
ing. The  part  of  the  beam  energy  ultimately  transmitted  to  the  air,  moreover,  results  in  the  formation  of  regions  of  hot  air,  with  the 
aerosol  at  the  center,  and  temperatures  decreasing,  roughly,  with  the  inverse  of  distance  from  the  aerosol.  This  strong  but  localized 
variation  is  therefore  expected  to  lead  to  phase  distortions  of  the  near  field  beam  that  will  manifest  itself  in  irradiance  fluctuations  and 
beam  spreading  in  the  far  field  patterns  in  a manner  akin  to  the  effects  of  turbulence.  An  important  differences  between  the  two  phe- 
nomena is  that  the  average  index  variation  along  a light  ray  is  not  zero  for  aerosol  heating  as  it  is  with  turbulence.  Several  groups  of 
authon  (CALEDONIA,  G.  and  TEARE,  D.,  1974;  AVILES,  J.B.,  1974;  LENCIONl,  D.E.  and  KLEIMAN,  H.,  1974;C(X)K,  and  BUTTS, 
1 974)  have  shown  in  different  and  independent  ways,  that  the  average  effective  index  change  due  to  aerosol  heating  is  modeled  correctly 
by  an  equivalent  molecular  (i.e.,  uniform)  absorption  coefficient,  the  averaging  effect  being  achieved  by  ^he  beam  itself  on  propagation 
through  many  independent  realizations  of  the  random  distribution  of  aerosols  both  in  space  and  in  sizes.  These  authors  show  that  an 
equilibrium  temperatures  is  reached  depending  upon  particle  size  and  generally  increasing  with  particle  size.  Caledonia  and  Teare,  and 
Aviles  take  into  account  evaporation  and  find  in  addition  that  particle  temperature  drops  as  evaporation  reduces  the  particle  radius. 

Since  equilibrium  temperature  and  particle  distribution  (and  hence  the  amount  of  heat  not  transferred  to  the  air)  all  intensity  dependent, 
averaged  aerosol  absorption  coefficients  will  in  general  be  dependent  upon  location  within  the  beam.  This  fact  necessitates  computer 
program  changes  for  computer  determination  of  the  effects  of  aerosol  heating. 

For  the  case  of  multiple  pulse  beams  in  the  presence  of  liquid  droplets,  droplet  vaporization  and  shattering  has  been  seen  to  occur 
(see,  for  example,  KAFALAS,  P.  and  HERRMANN,  J.,  1973  and  alsoGLICKLER,  S.L.,  1971),  causing  significant  improvement  in 
transmission  for  successive  pulses  provided  the  initial  pulse  energy  is  sufficient  to  vaporize  the  droplets. 


3.2.  Turbulence 

Because  this  topic  has  been  addressed  quite  thoroughly  for  low  power  propagation  in  session  3 of  this  conference  and  Dr.  W.P. 

Brown  will  discuss  in  detail  the  case  of  high  power  beams  in  this  session,  the  description  here  will  be  brief.  Turbulent  index  fluctuations 
cause  phase  variations  in  the  near  field  of  the  beam  that  lead  to  intensity  fluctuations  at  longer  ranges.  The  beam  is,  on  the  average, 
spread  over  a larger  area  in  the  focal  plane  than  it  would  otherwise  be.  The  average  spread  consists,  roughly  speaking,  of  two  components; 
A spread  due  to  centroid  wander  (beam  wander)  which  requires  "long”  time  averages  to  define  and  a short  term  beam  spreading  For  CW 
high  power  beams,  the  turbulent  spreading  and  the  thermal  blooming  are,  in  principal,  coupled  because  turbulence-induced  wander  induces 
an  added  small  velocity  of  wind  across  the  beam  and  because  the  higher  frequency  intensity  fluctuations  alter  the  character  of  the  beam 
irradiance  patterns  that  must  be  used  to  compute  the  heating  term  in  the  propagation  eiiuation.  Bradley  of  Lincoln  Laboratory  (BRAD- 
LEY, L.,  1973)  has  used  a method  calculating  the  p.opagation  of  the  beam  with  the  nonlinear  CW  equation  through  fixed  phase  screens 
simulating  the  Index  fluctuations  and  averaging  the  results  of  many  realization  of  phases;  the  heating  integral  is  thus  calculated  in  a quasi- 
self-consistent manner.  Brown  (BROWN,  W.P.,  JR.,  1975)  of  Hughes  Research  Laboratory  has  introduced  phase  screens  that  move  with 
the  wind  and  has  done  time  averaging.  The  methods  compare  favorably  in  their  results  and  the  reader  is  referred  to  the  Brown’s  paper 
in  this  conference  report  for  details. 


3.3.  Jitter  and  Thermal  Blooming 

Pointing  and  tracking  laser  beams  through  the  atmosphere  require  the  use  of  real,  rather  than  ideal,  optics  and  servo  mechanisms. 
The  result  is  that  pointing  will  always  be  in  error  and  efforts  to  correct  the  pointing  create  “jitter.”  Jitter  will  cause  the  focal  spot  to 
move  and  introduce  a short  and  lont,  -ime  average  increase  in  spot  size,  each  of  which  will  also  depend  upon  the  amplitude  of  the  jitter 
signal.  For  high  power  beams,  this  can  also  introduce  slewing  winds  into  the  beam  which  will  affect  tlie  character  of  the  thermal  bloom- 
ing. High  frequency  large  amplitude  jitter  will  be  most  likely  to  cause  a jitter/thermel  blooming  interaction.  At  high  slewing  rates,  since 
the  contribution  to  thermal  blooming  from  the  focal  volume  portions  of  the  beam  are  reduced,  any  such  jitter/biooming  interactions  are 
expected  to  be  reduced.  Scaled  laboratory  experiments  at  UTRC  (GEBHARDT,  F..  1975)  have  fully  confirmed  this  expectation  and  the 


m 
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effects  of  jitter  tnd  theimil  blooming  can  be  combined  by  root  sum  square  of  area  spreads,  using  the  appropriate  (long  or  short)  time 
jitter  averaging. 


3.4.  Kinetic  Effects 

Most  propagation  calculations  assume  that  the  energy  absorbed  from  the  laser  beam  is  instantly  translated  into  kinetic  energy  of  the 
atmospheric  molecules.  Absorbed  energy  is,  in  reality,  stored  for  a finite  time  in  an  excited  state  of  the  absorbing  molecular  species;  if 
these  times  are  comparable  to  or  longer  than  wind  transit  times  across  the  beam,  then  these  kinetic  effects  can  become  important.  The 
to-called  “kinetic  cooling  effect"  associated  with  the  absorption  of  10.6  m radiation  by  atmospheric  CO]  is  a case  In  point.  (WOOD,  A.O., 
CAMAC,  M.,  and  GERRY,  E.,  1971 ; also  see  BREIG,  E.L.,  1972)  While  the  phenomenon  has  been  shown  to  be  considerably  less  'mpon 
tant  at  sea  level  than  originally  thought,  it  can,  (SICA,  L.,  1973)  at  altitude  reduce  the  blooming  or  wind  reverse  the  sign  of  the  effect 
causing  self-focussing  leading  to  improved  propagation.  However,  if  or  where  transonic  effects  are  important,  then  .ibsorption  ordinarily 
leading  to  heating  (6p  < a)  at  transonic  speeds  causes  compression  and  positive  density  changes;  when  absorption  normally  lead'  to 
kinetic  cooling,  the  signs  of  the  density  changes  are  now  reversed! 


3.5.  Multiline  Propagation 

Almost  all  high  power  lasers  will  amplify  more  than  one  laser  line  simultaneously,  giving  nse  to  two  or  more  bcuns  emanating  from 
the  laser  aperture.  These  will  not  necessarily  have  the  same  amplitude  !>nd  phase  characteristics,  and  will  most  certainly  not  have  the  same 
atmospheric  absorption  and  extinction  coefficient'.a.  Each  wave  will  satisfy  its  own  propagation  equation,  but  they  ate  coupled  through 
the  index  of  refraction  which  is  determined  by  the  heating  due  to  all  beams.  It  appears  that  for  truly  coUlnear  beams  whose  wave-lengths 
are  close,  each  blooms  along  with  the  others.  This  has  been  demonstrated  by  Ulrich  (ULRICH,  P.B.,  et  al.,  1974)  who  first  developed  a 
two  line  code,  it  follows  that  a line  of  high  absorption  coefficient  and  low  power  can  seriously  bloom  a beam  of  lower  absorption  and 
higher  power.  Thus  multiline  codes  that  can  propagate  the  differem  lines  with  independent  phase  and  amplitude  initial  data  will  become 
increasingly  important  for  a quantitative  characterization  of  the  propagation  of  realistic  high  power  beams. 


3.6.  Adaptive  Aperture  Methods 

For  multiple  pulse  blooming  where  self-blooming  effects  are  minimal  and  for  CW  steady  state  thermal  blooming  with  high  slew  rates, 
the  phase  distortions  than  affect  the  fa^^leld  baam  pattern  reside,  in  the  absence  o*'  turbulence,  in  the  near  field.  To  the  extent  that  these 
phase  aberrations  can  be  modeled  as  being  localized  at  the  aperture  itself,  then  deliberately  induced  phase  distortions  in  the  laser  optics 
can  be  created  that  undo  these  aberrations  and  thereby  rectify  the  beam  in  the  fa^neld.  Such  a program  has  proved  to  be  successful  In 
principle;  Lincoln  Laboratory  researchers  (BRADLEY,  L.  and  HERRMAN,  J..  1974)  have  shown  that  the  CW  power  optimization  curves 
can  be  altered  with  the  result  of  driving  the  optimum  power  upward  and  increasing  the  associated  optimum  peak  irradian<«  by  factors  of 
two  to  three.  Active  phase  adaptation  methods  for  compensation  of  turbulent  deformation  of  the  beam  have  also  been  successful  dem- 
onstrated, (BRIDGES,  W.B.,  et  al.,  1974)  and  some  compensation  of  thermal  blooming  is  probably  possible  as  well.  These  methods  may 
yet  prove  to  be  dramatically  successful  in  reducing  or  eliminating  thermai  blooming  at  some  power  levels,  but  it  is  probable  that  they  will 
reach  a power  level,  appropriate  to  each  atmospheric  condition,  beyond  which  improvement  cannot  be  made  because  of  physical  limita- 
tions to  the  amount  and  detail  of  mirror  distortion  that  can  be  done  and  because  of  the  fact  that  the  thermal  lensing  effect  at  the  higher 
powers  cannot  be  consigned  to  the  near  field. 

In  the  case  of  mul'iple  pulse  beams,  Bradley  (BRADLEY,  L.C.,  1974)  has  shown  that  phase  conipensatior,  methods  work  even 
better  than  for  CW  beams  in  correct  ng  turbulence  and  thermal  blooming  distortions.  Wallace  (WALLACE,  J.  JR..  1975)  has  independently 
demonstrated  the  dramatic  improvement  for  the  case  of  thermal  blooming.  Tliese  efforts  are  still  in  progress. 


4.  CONCLUSION 

The  basic  features  of  the  propagation  of  high  energy  laser  beams  through  the  atmosphere  are  well  understood.  The  important  prob- 
lems appear  to  have  been  identified  and,  though  most  have  remained  intractable  analytically,  they  have  been  or  arc  being  successfully 
described  using  numerical  methods.  Theory  has  been  confirmed  by  experiment  in  all  cases  where  tests  have  been  made.  Difficult  tech- 
nical problems  remain  and  many  detailed  quantitative  experiments  and  calculations  must  still  be  done  fo.  specialized  propagation  prob- 
lems; the  prospect  for  a resolution  of  these  remaining  kinds  of  problems  within  the  next  year  appears  very  bright. 

It  has  not  been  possible  to  prepare  a complete  reference  list  and  it  is  very  likely  that  some  of  the  many  energetic  researchers  in  the 
field  have  been  ignored;  this  is  clearly  true  of  my  European  colleagues.  I beg  the  indulgence  of  those  whose  work  may  have  been  slighted. 
A moie  thorough  review  (with  complete  references)  of  the  area  of  high  power  propagation  will  be  appearing  in  the  forthcoming  article  of 
Walsh  and  Ulrich.  (WALSH,  J L.,  end  ULRICH,  P.B.,  1976) 


REFERENCES 

AITKEN,  A.H.,  HAYES,  J.N.,  and  ULRICH,  P.B.,  1971,  “Propagation  of  10.6  p Laser  Beams  in  a Non-Turbulent  Atmosphere,”/  Opt 
Soc.  Am, , 61 , 679;  also,  see  Appl.  Opt.  1 , p.  257,  and  NRL  Report  7293. 

AITKEN,  A.H.,  HAYES,  J.N.,  and  ULRICH,  P.B.,  1973  “Thermal  Blooming  of  Pulsed  Focusseu  Gaussian  Laser  Beams,"  App/.  12, 
p.  193. 

AVILES,  J.B.,  1974,  “Tliemial  Effects  of  a Vaporizing  Water  Droplet  Aerosol  on  High  Energy  Laser  Propagation,"  1975,  (to  be 
published). 

AVIZONIS,  P.V.,  HOGGE,  C.B.,  BUTTS,  R.R.,  and  KENEMUTH,  I.R..  15  )2,  “Geometric  Optics  of  Thermal  Blooming  in  Gases, 

Part  \,"  Appl.  Opt,  12,  p.  554. 


29*7 


BERGER,  P.J.,  GEBHARDT,  P.G.,  and  SMITH,  D.C.,  1974,  “Thermal  Blooming  Due  to  a Stagnation  Zone  In  a Slewed  Beam,*’  UARL 
Tech.  Report*  N92I724-7,  and  N92I724-12. 

BERGER,  P.J.,  GEBHARDT,  F.G.,  ULRICH,  P.B.,  and  ULRICH,  J.J.,  1975,  “Transient  Blooming  of  a Slewed  Beam  Containing  a Stag- 
nation Zone,”  (to  be  published). 

BERGER,  P.J.,  1975,  (private  communication). 

BRADLEY,  L.C.,  1973  “Laser  Propagation  Through  a Turbulent  Medium,”  Optics  Research  (Lincoln  Laboratory  Report,  #1)  1972. 
BRADLEY.  L.C.,  1974a,  “Thermal  Blooming  In  the  Transonic  Regime,”  Lincoln  Laboratory  Technical  Report  LTP-24,  30  January  1974. 
BRADLEY,  L.C.,  1974b,  (private  communication). 

BRADLEY,  L.C.,  and  HERRMANN,  J.,  1974,  “Phase  Compensation  for  Thermal  Blooming,"  Appl.  Opt.,  13,  p.  331. 

BROWN,  W.P.,  JR,,  1975,  “High  Energy  Laser  Propagation,”  Hughes  Research  Laboratory  Technical  Report  (Cont.  No.  N00014-73<?- 
0460). 

BREIG,  E.  L.,  1972,  “Limitations  on  the  Atmospheric  Tlicrmal  Effects  for  High  Power  CO2  Laser  Beams,”  J.  Opt.  Soc.  Am.,  62,  p.  5 18. 

BRIDGES,  W.B.,  BRENNER,  P.T.,  LAZZARA,  S.P.,  NUSSMEIER,  T.A..  O’MEARA.  T.R.,  SANGUINET,  J.A.,  and  BROWN,  W.P..  JR„ 

1974,  “Coherent  Optical  Adaptive  Techniques,”  App/.  Opt.,  13,  p.  291. 

BUSER,  R.G.,  and  ROHDE,  R.S.,  1975,  “Transient  Tliermal  Blooming  of  Long  Laser  Pulses,”  Appl.  Opt.,  14,  p.  50. 

BUSER,  R.G.,  ROHDE,  R.S.,  GEBHARDT.  F.G.,  BERGER,  P.J.,  and  SMITH,  D.G.,  1975,  “A  Study  of  Thermal  Blooming  of  Repeti- 
tively Pulsed  Laser  Beams,”  (to  be  publislied). 

CALEDONIA,  G.,  and  TEARE,  D.,  1975,  “Laser  Beam  Atmosphere  Aerosol  Interactions,”  PROC.  WINTER  MEETING  OF  A.S.M.E., 

1975. 

CALLEN,  W.R.,  HUTH,  B.G.,  and  PANTELL,  R.H.,  1967,  "Optical  Patterns  of  Tliermally  Self-Defoct>ssed  Light,”  App.  Phys.  Lett.,  II, 
p.  103. 

CARMAN,  R.L.,  and  KELLEY,  P.L.,  1968,  “Time  Dependence  in  the  Thermal  Blooming  of  Laser  Beams,”  App.  Phys.  Lett..  1 2,  p.  241. 
COOK,  R..  and  BUTTS,  R.R.,  1974. 

ELLINWOOD,  J.C.,  and  MIRELS,  II.,  1975,  “Density  Pertubations  in  Transonic  Slewing  Laser  Beams,”  (to  be  publislied). 

FLECK,  J.A.,  JR.,  MORRIS,  J.R.,  and  FEIT,  M.J.,  1975,  “Time  Dependent  Propagation  of  H.„h  Energy  Laser  Beams  Through  the 
Atmosphere,”  UCRL  Repori  51826, 

GEBHARDT,  F.G.,  and  SMITH,  D.C.,  1971,  “Self-Induced  Tliermal  Distortion  in  the  Near  Field  for  a Laser  Beam  in  a Moving  Medium,” 
I.E.E.E,  J,Q,E-7,  p.  63. 

GEBHARDT,  F.G.,  and  SMITH,  D.C..  1 972.  "Effects  of  Diffraction  of  the  Self-induced  Thermal  Distortion  of  a Laser  Beam  in  a Cross- 
wind,”  App/.  Opt.,  11,  p.  244. 

GEBH  \RDT,  F.G.,  1975,  “Jitter  and  Thermal  Blooming,”  (to  be  published). 

GORDON,  J.P.,  LEITE,  R.C.C.,  MOORE,  R.S.,  PORTO,  S.P.S.,  and  WHINNERY,  J.R.,  1965,  “Long-Transient  Effects  in  Lasers  with 
Inserted  Liquid  Samplers,”  / Appl  Phys.,  36,  p.  3. 

GLICKLER.  S.L.,  1971,  “Propagation  of  a 10.6  p Laser  Beam  Through  a Cloud  Including  Droplet  Vaporization,”  Appl  Opt.,  10,  p.  644. 
HAYES,  J.N.,  1971,  “Thermal  Blooming  of  Laser  Beams  in  Gases,"  NRL  Report  7213;  See  also,  Appl.  Opt.,  1 1 , p.  455, 

HAYES.  J.N.,  1972,  unpublished. 

HAYES,  J.N.,  1974a,  “Thermal  Blooming  of  Rapidly  Slued  Laser  Beams,"  Appl  Opt.,  13,  p,  2072. 

HAYES,  J.N.,  1974b,  unpublished, 

HAVES,  J.N.,  ULRICH,  P.B.,  and  AITKE'  . A.H.,  1972,  “Effects  of  the  Atmosphere  on  the  Propagation  of  10.6  p Laser  Beams.”  Appl 
Opt.,  II,  p.  257. 

HOGGE,  C.B.,  and  BRAU,  J.E.,  1974,  “Propagation  of  High  Energy  Laser  Beams  in  the  Atmosphere.”  AFWL-TR-74-74. 

KAFALAS,  P.  and  HERRMANN,  J,,  1973  "Dynamics  and  Energetics  of  the  Explosive  Vaporization  of  Fog  Droplets  by  a 10.6  p Laser 
Pulse.”  Ap/)/.  Opt..  12,  p.  772. 

KENEMUTH,  J.R.,  H(XJGE,  C.B.,  and  AVIZONIS,  P.V.,  1970,  “Thermal  Blooming  of  a 10.6  p Laser  Beam  in  CO2,”  Appl  Phvs.  Lett., 
17,  p.  220. 

KLEIMAN,  H.,  and  O’NEILL,  R.W.,  1971,  “Deflection  of  a COj  Laser  Beam  in  an  Absorbing  Gas,” /.  Op/.  5oc  Am.,61,p.  12. 

LEITE,  R.C'.C,,  MOORii,  R.S,,  and  WHINNERY,  J.R.,  1964,  “Low  Absorption  Measurements  b>  Means  of  the  Thermal  Lens  Effect 
Using  a He-Ne  Laser,”  Appl.  Phys.  Lett.,  5,  p,  141. 

LONGAKER,  P.R.,  and  LITVAK,  M.M.,  1969,  “Perturbation  of  the  Refractive  Index  of  Absorbing  Media  by  a Pulsed  Laser  Beam,” 

I.  Appl  Phys.,  40,  p.  4033. 

LENCIONI,  D.E..  and  KLEIMAN,  H.,  1974,  “Effects  of  Aerosol  Particle  Heating  on  Laser  Beam  Propagation,”  Lincoln  Laboratory  Tech. 
Report  LTP-27  (22  July  1974). 

McLEAN,  E.A.,  SICA,  L.,  and  GLASS,  A.J.,  1968,  “Interferometric  Observation  of  Absorption  Induced  Index  Change  Associated  witit 
Tliermal  Blooming,”  A/>p/,  Phys.  Lett.,  13,  p.  369. 

O’NEILL,  R.W.,  end  KLEIMAN,  II.,  1975,  (these  proceedings). 

RIECKHOFF,  K.E.,  1966,  “Self-Induced  Divergence  of  CW  Laser  Beams  in  Liquids -A  New  Nonlinear  Efi'eet  in  the  Propagation  of  Light.” 
Appl  Phy.s.  Lett.,  9,  p.  87. 

SICA,  L.,  1973,  “Tliree  Beam  Interferometer  for  the  Observation  of  Kinetic  Cooling  in  Air,”  Appl.  Phys.  Lett..  12,  p,  2848. 


SMITH,  D.C.,  1974,  "Overview  of  Laser  Radiation-Induced  Gas  Breakdown,”  UARL-N178. 

SMITH,  D.C.,  and  MEYERAND,  R.G.,  197.S,  “Laser  Inauced  Gas  Breakdown,”  UTRC7S-31, 

TSIEN,  H.S.,  and  BEILOCK,  M.,  1949,  (Title  unknown  to  this  author),/  Aero.  Set.,  16,  p.  7S6. 

ULRICH,  P.B.,  1971,  “A  Numerical  Calculation  of  Tliermal  Blooming  of  Pulsed  Focussed  Laser  Beams,”  Naval  Research  Laboratory 
Report  7382  (30  Dec.  1971), 

ULRICH,  P.B.,  1974,  (private  communication). 

ULRICH,  P.B.,  HANCOCK,  J.H.,  and  HAYES,  J.N.,  1974,  "Simultaneous  Two-Wavelength  CW  Laser  Propagation,”  /.  Opt.  Soc.  An.. 

64,  p.  549. 

WALF.ACE,  J.,  JR.,  and  CAMAC,  M,,  1970,  "Effects  of  Absorption  at  10.6  /a  on  Laser  Beam  Transmission,”  /.  Opt.  Soc.  Am..  60,  p.  1587. 
WALLACE,  J.,  JR.,  1973,  (private  communication). 

WALLACE,  J.,  JR.,  and  LILLY,  J.Q.,  1975,  “Tliermal  Blooming  of  Repetitively  Pulsed  Laser  Beams,”  /.  Opt.  Soc.  Am..  64,  p.  1651. 

WALLACE,  J.,  JR.,  and  PASCIAK,  J.,  1975a,  “Tliermal  Blooming  of  Rapidly  Slewed  Laser  Beams,”  (to  be  published). 

WALLACE,  J.,  JR.,  1975,  “Compensating  for  Thermal  Blooming  of  Repetitively  Pulsed  Lasers,”  (to  be  published). 

WALSH,  J.,  and  ULRICH,  P.B.,  1976,  “Nonlinear  Effects  in  Atmospheric  Propagation,"  a chapter  in  “Laser  Beam  Propagation  Tlirough 
the  Atmosphere,"  in  Topics  in  Applied  Physics,  Springer-Verlag;  (to  be  published).  ^ 

W(X3D,  A.D.,  CAMAC,  M.,  and  GERRY,  E.T.,  1971,  “Effects  of  10.6  m Laser  Induced  Air  Chemistry  on  the  Atmospheric  Refractive 
Index,”  <4p/j/.  Opt..  10,  p.  1877. 


EXPERIMENT 


THEORY 


1 .2  mm  3.6  cm/div 


N - 13 

F - 2.6 

N - 0.41 
a 


N - 16 

F - 2.8 

N - 0.134 
a 


Fig.  1 -CW  Steady  State  Thermal  Blooming,  one  point  comparison  between  experiment  and  theory.  The 
left  hand  portion  of  the  figure  is  a photograph  showing  the  structure  of  a bloomed  beam  under  the 
laboratory  ' onditions  indicated  on  the  figure,  while  the  right  hand  figure  is  an  isoirradiance  contour  plot 
derived  from  theory.  The  comparison  is  not  precise  as  can  be  seen  by  the  difference  in  the  corresponding 
dimensionless  parameters,  but  close  enough  to  show  that  quantitative  prediction  of  CW  steady  state  thermal 
blooming  is  reliable.  (This  figure  is  by  courtesy  of  Dr  Fred  Gebhardt,  United  Technology  Research 
Laboratory  and  Dr.  L.C.  Bradley  and  Dr.  J.  Herrmann  of  lincoln  Laboratory.) 
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Fig.  2-Plotted  here  is  the  observed  intensity  divided  by  the  unbloomed  intensity  as  a function  of  the 
dimensionless  parameter  N as  defined  by  Gebhardt,  et  al.  1971;  the  crosses  X,  circle  O,  and  triangles  A 
represent  data  obtained  by  Gebhardt  et  al.  of  UTRC  in  a laboratory  simulation  of  thermal  blooming.  The 
solid  circles  are  taken  from  the  calculations  of  the  NRL  group  (Hayes,  et  al.,  1971)  in  a wave  optics 
computer  simulation  of  the  experiments.  The  solid-dashed  curve  represents  a geometrical  optics  theory  of 
the  experiment. 


DISTORTION  NUMBER  Nq 


Fig.  3 -Schematic  Representation  of  Power  Optimization  Curve.  The  ordinate  here  represents  an  absolute 
quantity,  the  peak  irradiance  of  the  beam  in  the  focal  plane  while  the  abscissa  is  the  distortion  number 
defined  in  the  text,  and  is  proportional  to  power.  The  lower  curve  represents  the  no  slewing  case  while  the 
upper  curve  is  for  positive  slewing.  The  optimum  power  points,  indicated  by  vertical  bars  moves  to  higher 
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Fig.  4-Schematic  Representation  of  Power  Optimization  Curves  with  Defocussing.  Here  Ipeak  represents 
peak  irradiances  in  the  plane  Z with  the  beam  focussed  at  plane  f.  The  curves  show  that  optimum  power 
increases  as  defocussing  increases;  however,  peak  irradiances  drops  from  the  focussed  beam  values  with  their 


Fig.  S-Iso-irradiance  contour  plots  in  the  focal  piano  of  a truncated  Gaussian  beam  (a)  without  correction, 
(b)  with  correction.  Contours  are  separated  by  2 dB;  the  highest  contour  in  (b)  is  6 dB  higher  than  the  one 
in  (a).  (Courtesy  of  Dr.  L.C.  Bradley  and  Dr.  Jan  Herrmann,  Lincoln  Laboratory;  see  Bradley  and 

HArrmAnn  1Q7d^ 
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Fig.  6-NormaJized  peak  irradiance  Ip  = NdAqIA,  where  Aq  is  the  diffraction  liniited  focal  area  andyd  the 
focal  area  of  the  bloomed  beam,  is  a function  of  the  distortion  number  No . The  circled  points  correspond 
to  the  condition  of  the  previous  figure.  The  dashed  curves,  for  slewing  numbers  4 and  8,  show  the  kinds  of 
improvements  that  deformable  mirrors  can  make  on  the  power  optimization  curves. 


Fig.  7— Stagnation  Zone  Geometry.  The  geometric  arrangement  of  natural  wind  vector  v and  the  wind 
induced  by  slewing  that  gives  rise  to  stagnation  zones  is  shown  above.  The  stagnation  point  is  marked 
and  the  shaded  region  about  it  is  the  stagnation  zone.  The  motion  of  the  stagnation  zone  when  n or  v 
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Fig.  8~Stagnation  Zone  Geomet/y  from  a different  vantage  point.  By  choosing  a coordinate  system  fixed 
with  respect  to  the  stagnaticii  point  Zj,  the  beam  is  seen  to  revolve  about  the  stagnation  point.  The 
stagnation  zone  is  the  shaded  region  of  overlap  of  the  beam  at  two  different  times;  as  f2  ~ increases,  the 
length  of  the  stagnation  zone  decreases  leading  to  the  quasi-steady  state  model  of  Berger,  el  al. 


STAGNATION  ZONE  STUDY 


Pig.  9-Stagnation  Zone  Blooming,  comparison  of  experiment  and  theory.  The  decay  of  peak  irradiance  in 
the  observation  plane  is  plotted  against  time.  The  solid  points  represent  the  experimental  data  obtained  in  a 
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Fig.  12— Normalized  irradiance  of  a multiply  pulsed  laser  beam  versus  repetition  rate;  the  average  power  of 
the  laser  is  held  fixed,  and  <F)  = EpV.  The  corresponding  CW  limit  is  approached  asymptotically  (the 
dashed  line).  (Courtesy  of  Dr.  P.B.  Ulrich,  NRL.) 
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ABSTRACT 


Thla  paper  reviews  the  important  nonlinear  effects  which  limit  high  energy  laser  propagation  through 
the  atmosphere.  The  two  most  Important  effects  are  thensal  blooming  (or  thermal  dafocusslng)  and  air  break- 
dom  within  the  beam.  A third,  leas  Important  effect  is  Stimulated  Raautn  Scattering.  The  possibility  of 
transmitting  laser  beams  through  fogs,  clouds  or  base  by  "boring  holes"  through  these  atmospheric  media  with 
the  laser  beem  is  also  reviewed. 

The  laser's  waveform  in  this  paper  is  a train  of  pulses.  It  is  shown  that  the  waveform  design  and 
other  important  parameters  such  as  range  to  the  focal  plane,  aperture  and  focal  spot  sise,  pulse  intensity, 
etc.,  esn  be  chosen  to  avoid  the  thermal  blooming  of  individual  pulses  and  air  breakdown.  The  limit  on  beam 
propagation  la  then  caused  by  thermal  blooming  due  to  the  cumulative  heating  by  the  pulses  in  the  train.  An 
added  set  of  parameters  then  controls  this  multipulse  blooming  including  beam  slew  rate,  cross-wind  velocity, 
and  interpulse  spacing.  This  paper  summarizes  the  parametric  tradeoffs  required  to  satisfactorily  control 
thermal  blooming  and  gives  quantitative  results  for  several  parametric  choices. 

1.  INTRODUCTION 


The  propagation  of  high  energy  laser  beams  in  the  atmosphere  can  be  limited  by  linear  effects  such  as 
absorption  and  scattering,  and  by  nonlinear  effects.  When  the  laser  waveform  is  continuous  wave  (CW) , only 
one  nonlinear  effect  must  be  considered,  thermal  blooming  (or  thermal  defocuslng).  Uhen  the  waveform  is 
pulsed,  either  a single  short  pulse  or  a train  of  pulses,  then  in  addition  to  thermal  blooming  it  is  necessary 
to  take  into  account  air  breakdown  and  possibly  Stimulated  Raman  Scattering.  When  this  is  done  it  becomes 
possible  to  determine  the  set  of  laser  parameters  and  atmospheric  conditions  which  will  permit  laser  beam 
propagation  to  a focal  plane. 

It  is  also  possible  to  use  a nonlinear  effect,  the. evaporation  of  water  droplets  by  the  laser  beam, 
to  "bore  holes"  through  hasu,  fog,  or  clouds  in  order  to  Improve  propagation  through  these  media.  The  laser 
energy  required  to  perform  this  task  is,  within  factors  of  about  two  or  three,  the  energy  required  to  evap- 
orate the  water  in  the  beam.  However,  thermal  blooming  in  the  "bored  hole"  may  be  large,  under  some  con- 
ditions. 

2 . SINGLE  PULSE  THERMAL  ^LOONINQ 

When  a single  laser  pulse  of  lengch  tp  is  transmitted  in  the  atmosphere,  the  laser  heating  of  the  air 
within  the  beam  will  generate  a transverse  density  gradient  which  will  be  time  varying.  The  characteristic 
time  of  this  phenomenon  is  the  hydrodynamic  time,  tH,  which  is  the  time  required  for  a sound  wave  to  cross 
'..he  beam  (t|]  is  the  ratio  of  the  beam  radius  and  the  sound  speed).  When  (Tp/lH)v  '(  < 1 the  air  density  changes 
do  not  have  time  to  develop  completely  and  thermal  blooming  will  be  small.  However  the  pulse  length  cannot 
be  made  too  small  while  maintaining  a large  pulse  energy  because  the  power  density  will  than  Increase  and 
the  atmospheric  breakdown  limit  may  be  exceeded. 

It  was  stated  above  that  blooming  will  decrease  as  (Tp/T}{)  is  decreased.  The  hydrodynamic  time,  however 
is  proportional  to  beam  radius.  Thus  thermal  blooming  should  Increase  as  the  beam  radius  is  decreased,  l.e., 
unlike  the  continuous  wave  (CW)  case,  beam  blooming  is  much  greater  near  the  focus  than  near  the  laser  trans- 
mitter aperture.  Furthermore  there  is  another  equally  Important  reason  for  the  blooming  being  near  the  focus. 
It  is  that  the  contributions  of  different  parts  of  the  beam  to  the  thermal  blooming  of  the  focal  spot  can  be 
qualitatively  described  by  the  transverse  gradient  of  the  index  of  refraction  multiplied  by  the  distance  to 
the  focus  which  Is  acting  as  a lever  arm.  The  change  in  the  index  of  refraction  is  proportional  to  a~"  for 
the  short  time  limits  of  the  hydrodynamic  equations,  where  a is  the  beam  radius.  Thus  the  regions  near  the 
focus  will  contribute  more  to  focal  spot  blooming.  It  follows  therefore  that  when  a laser  beam  is  pointed 
from  the  ground  at  high  elevation  angles  so  that  the  regions  near  the  focus  are  in  volumes  of  the  atmosphere 
which  have  decreased  absorption  coefficients,  then  single  pulse  thermal  blooming  will  be  low. 

The  level  single  pulse  thermal  blooming  will  depend  on  other  parameters  in  addition  to  (Tp/T|]) , 

This  can  be  seen  in  Fig.  28-1  (Ulrich,  F.  B.  and  Wallace,  J. , 1973)  where  normalized  Intensity  versus 
normalized  radius  from  the  beam  center  (r/a)  is  shown.  The  range  is  the  same  for  each  of  the  two  sets  of 
curves  shown  in  the  figure.  Each  set  contains  curves  for  five  different  pulse  lengths,  Tp.  However,  other 
Important  parameters  such  as  absorption  coefficient  and  pulse  energy  are  different.  It  can  be  seen  that  the 
distortion  from  Gaussian  of  the  transverse  intensity  due  to  blooming,  la  much  greater  for  a given  (Tp/Ti{)  in 
the  top  set  of  curves  in  Fig.  28-1  than  in  the  bottom  set. 

This  can  be  stated  in  quantitative  and  general  terms  if  the  Intent  is  to  avoid  single  pulse  blooming. 

For  thermal  blooming  in  the  short  time  hydrodynamic  regime,  l.e,,  in  the  t^  approximation,  the  critical  time 
for  the  onset  of  blooming  is  (Lenclonl,  D.  E. , 1974): 
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T - 1.74  X 10 
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(28-1) 


whar*  *0  (cm)  !•  the  baam  radius  at  tha  tranamlttar  with  a tranavaraa  gauaalan  anargy  distribution  trun- 
catad  at  a~2,  a^  (cm)  is  tha  a"2  baam  radius  at  tha  focal  plana,  a is  tha  atmoapharic  absorption  coaf- 

ficiant,  R (cm)  ia  tha  ranga  to  tha  focal  plana,  and  Bp  (J)  it  tha  pulaa  anargy. 


It  can  ba  aaan  from  Equation  26-1  that  tha  dapandanca  of  on  a ia  quits  waak.but  tha  dapandanca  on  ^ 
focal  spot  radius  la  vary  strong,  aa  would  ba  axpactad  from  tha  abova  dlaeuasion.  For  a glvan  pulaa  Intanslty 
in  tha  focal  plana.  Ip  (w/cm2),  tha  focal  plana  anargy  fluanca  bafora  tha  onaat  of  tharmal  blooming  ia 
obtalnad  from  Equation  28-1 i 
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3.  BRRAKDOWW  AMD  STIMOLATED  RAM4M  SCATTERIHG 

Tha  limitation  on  tha  tranamlsslon  of  laaar  anargy  through  tha  atmoaphara  dua  to  braaxdown  ia  discuaaad 
in  datall  in  this  voluma  (Lancioni,  D.  B.,  1975).  Uhan  tha  Intanalty  in  tha  laaar  boam  it  graatar  than  a 
thrashold,  aoma  of  tha  larga  atmoapharic  aarouol  will  ganarata  braahdowna  which  will  limit  tranamlaslon. 

This  thrashold  la  approxlmataly  5 x 10*  W/cm*  at  a wavalangth  of  10.6  wm  and  4 x 10'  M/cm*  at  a wavalangth  of 
3.8  vm.  Vary  approxlmataly  this  thrashold  variaa  as  whara  X is  tha  wavalangth. 

For  typical  intansitias  and  aarosol  alsa  distributions  and  at  10.6  wm,  tha  maximum  anargy  fluanca  that 
can  ba  transmittad  through  a baam  in  tha  praaanca  of  aarosol  Inducad  braakdown  is: 


c.  . - 3.6  X 10** 
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(28-3) 


Tha  form  of  Equation  28-3  is  shown  in  Fig.  28-2  along  with  tha  braakdown  thraaholds  at  10.6  Wm,  3.8  wm,  and 
1.06  v>m.  Tha  form  of  Equation  28-2,  tha  maximum  fluanca,  Cq,  bafora  tha  onaat  of  tharmal  blooming  is  also 
Indlcatad  in  Fig.  28-2.  In  ordar  to  avoid  alngla  pulaa  tharmal  blooming  it  is  nacossary  to  ramain  balow  this 
dashad  curva,  narkad  e^.  In  ordar  to  avoid  loss  of  transmission  dua  to  aarosol-ganaratad  breakdown  or  to 
transmit  significant  energy  in  the  prasanca  of  this  braakdown,  it  is  necessary  to  kaap  to  tha  left  of  the 
solid  curves  narkad  At  10.6  um,  thr  shaded  region  indicatos  the  "atmospharic  window"  whara  useful  single 

pulse  baam  propagation  occurs.  It  can  ba  aaan  that  tha  "window"  is  enlarged  as  t-he  wavalangth  is  dacreasad 
(since  tha  thermal  blooming  curva,  c^,  need  not  vary  significantly  with  decraaalng  wavalangth). 

Tha  braakdown  thraaholds  shown  in  Fig.  28-2  are  appropriata  for  typical  aerosol-laden  atnoaphsraa  at 
ground  level.  If  all  aerosol  ware  to  ba  ramovad,  than  tha  "clean  air"  thrashold  is  3 x 10’  W/cm*  at  10.6  ym. 

Tha  10.6  pm  thresholds  noted  abova  are  tha  a>, -called  long-pulsa  thresholds,  appropriata  for  pulaaa 
longer  than  about  SO  - 100  nsec.  Tha  short-pulse  thresholds  are  energy  finance  limited  rather  than  intanslty 
limited.  Tha  10.6  pm  short-palaa  thrashold  is  approxlmataly  10  J/cm*. 

Tlta  clean  air  threshold  varies  as  X~^  so  that  for  tha  long-pulsa  it  is  2 x 10*^  W/cm^  at  3.8  pa.  At 
tha  latter  wavalangth.  Stimulated  Raman  Scattering  (8RS)  la  a more  dominant  affect  than  claan  air  braakdown. 

At  aufflclantly  high  intansitias  in  tha  laser  beam,  soma  of  the  incident  radiation  will  ba  scattered  and 
fraquancy-ahifted  ralatlva  to  tha  frequency  of  tha  incident  radiation.  This  type  of  scattering,  called 
Stimulated  Raman  Scattering,  ganaratas  fraquancy-ahifted  components  called  tha  Stokes  and  antl-Stokaa  componanta 
which  11a  on  either  side  of  tha  unshlftad  radiation.  Thaaa  componanta  are  scattered  out  of  the  main  beam  and 
generate  beam  fllamanting  and  breakup,  leading  to  focal  spot  anlargamant  and  distortion. 

The  intanslty  at  which  appreciable  Raman  conversion  takes  place  la  abova  tha  claan  air  braakdom  thresh- 
old for  10.6  pa.  However  for  3.8  pa  radiation,  the  threshold  for  conversion  of  approximately  2 x 10’  W/ca*,  aa 
shown  in  Fig.  28-2  is  a factor  of  10  balow  tha  claan  air  threshold.  Hanca  Stimulated  Raman  Scattering  is  a 


All  intansitias  are  defined  aa  tha  power  in  tha  focal  plana  divided  by  tha  area  containing  63S  of  tha 


power. 
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■or*  dominant  *ff*ct  Chan  braakdown  In  claan  air  at  3.8  )Jn>  Howavar  In  moat  practical  appllcationa  aaroaol 
braakdown  thraaholda  ar*  of  graataat  inportanca. 

4.  MULTIPULSE  THKRMAL  BLOOMING 

Th*  aNiltipulaa  wavafom  conalata  of  a flnlta  train  of  abort  pulaea.  For  thla  vavaform,  tharnal  bloom- 
ing contain*  two  coaponantat  aingla  pula*  blooming  (dlacuaaad  abova)  and  blooming  cauaad  by  th*  cumulatlv* 
haatlng  of  pravloua  pulaaa.  Thra*  typaa  of  mltlpulaa  wavaform*  ahoald  b*  notad  from  a blooming  point  of 
vlaw.  In  the  flrat  typa,  tha  Intarpulua  apaclng  aa  well  aa  the  pula*  langth  ar*  ahortar  than  a hydrodynamic 
time.  Tha  total  train,  containing  many  pulaea,  la  lean  than  a hydrodynamic  tlm*  in  langth.  It  ha*  baan 

found  (Herrmann,  J.,  1973)  that  for  thla  multlpula*  train,  tha  blooming  level  la  equal  to  that  which  would 

occur  for  a aingla  pulaa  of  langth  equal  to  th*  train  length  and  containing  tha  aame  energy  a*  Chat  In  tha 
total  train.  Thua,  In  order  to  mlnlmlie  blooming  th*  train  langth  ahould  be  much  lesa  than  a hydrodynamic  tlm*. 

In  th*  aacond  type  of  wavafom,  tha  Interpulae  apaclng  la  aomewhat  larger  than  th*  hydrodynamic  tlm*. 

In  thla  wavaform  tha  mitigating  clrcumatancaa  avch  aa  noted  In  the  flrat  type,  above,  are  abaent.  Hydrodyn- 
amic* parmlta  refractive  Index  dlatortlona  to  develop  and  remain  within  tha  laaer  beam  on  th*  time  acala  of 
tha  train  langth  and  tharmal  blooming  can  b*  quite  large.  A almpla  example  of  thla  wavaform  and  th*  riaultlng 
thermal  blooming  la  aaan  In  Fig.  28-3  (Herrmann,  J.,  1973).  In  thla  figure,  tha  first  pula*  of  energy,  Ep, 

heata  th*  air  In  tha  beam,  causing  index  of  refraction  changes  which  occur  on  a time  acala,  T{{.  The  second 

pulae  then  paases  through  thla  percurbad  medium  and  la  bloomed  or  defocussed  (single  puls*  blooming  la  small) . 
The  normallied  Irradiance,  In  the  focal  plana,  of  tha  second  pulse  la  shown  In  Fig.  28-3.  The  blooming 
cauaad  by  the  large  values  of  Bp  are  quit*  evident. 

In  th*  third  type  of  multlpula*  waveform,  the  interpulae  apaclng  la  large  enough  for  the  cross  wind 
(wind  component  perpendicular  to  the  laser  beam  axis)  to  "claan  out"  the  heated  air  between  pulwa*.  That  la, 
a puls*  la  transmlccad  along  the  beam  axis  to  the  focal  plane,  heating  the  air  as  It  moves  along  and  gener- 
ating refractive  Index  changes.  The  pulaea  which  follow  will  then  be  bloomed  unless  the  heated  air  is 
removed  and  new,  cool  air  enter*  the  beam.  A measure  of  "removal  efficiency"  Is  the  pulse  overlap  number,  Ng: 

H - — ^2—  (28-4) 

o V 


where  v 1*  ^ke  pulse  repetition  rate  (sec"  ) and  V Is  the  cross  wind  velocity  (cm/sec).  Equation  28-4  indi- 
cates that  for  an  cvarlap  number  of  unity,  the  cross  wind  will  permit  the  presence  of  approximately  on*  pulse 
In  the  beam  at  a given  time.  If  the  repetition  rate  or  the  aperture  diameter  becomes  very  large,  or  the 
cross  wind  velocity  becomes  very  small,  then  Ng  becomes  very  large  thereby  Increasing  thermal  blooming. 

There  ara  other  Important  numbers  which  control  umltlpulss  thenul  blooming.  The  first  is  the  energy 
distortion  number,  e": 
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where  8 la  the  quality  of  th*  laser  beam,  l.e.,  th*  beamwldth  In  unite  of  diffraction  limited  width.  B Is  a 
measure  of  tne  enevgy  per  pulse  absorbed  In  the  beam.  Tlie  Fresnel  number,  Npr,  is  a measure  of  the  degree  of 
beam  focus: 
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F , the  power  diitcrtton  uuttuor.  Is  a measure  of  the  absorbed  average  power  In  th*  beam; 
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The  distortion  number*  have  been  used  (Lencionl,  D.  E. , 1974)  to  obtain  a normalized  aet  of  tharmal 
blooming  curves  based  on  Che  output  of  a series  of  computer  runs  which  Include  the  effects  of  diffraction 
(Bradley,  L.  C.  and  Herrmann,  J.,  1973).  Tl.e  normalized  curves  which  are  shown  In  Fig.  28-4,  can  be  used 
to  compute  the  thermal  defocusslug  of  a stationary  (no-beam  slewing)  laser  bwam  In  th*  focal  plane.  In  this 
figure,  the  ordinate  Is  proportional  to  Ag/Ag,  where  Ag  la  the  unbloomed  focal  spot  area  containing  63X  of  the 
power  and  Ag  Is  the  bloosktd  spot  area  containing  63Z  of  the  power. 


Four  normalized  blooming  curves  ar*  presented,  each  representing  a different  aet  of  psrametara  (E  , Np, 
a R) . The  straight  line  is  the  unbloomed  case.  The  absclssla,  P*,  for  a given  curve,  reprasenCs  Ng,  the  over- 
lap number.  It  Is  seen  that  when  Ng  Increases  above  unity  thermal  blooming  begins.  Each  curve  reaches  a 
peak  P*  Ag/Ag  where  delivered  average  intensity  to  the  focal  plane  Is  a maximum,  and  then  decreases. 

This  maximum  delivered  Intensity  Is: 
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Tha  pulaa  rapatitlon  rata,  rapraaantint  ta 
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Equation  28-9  Ineludaa  tha  af facta  of  laaar  bam  alawlnt  whara  <i)  la  tha  baaa  alaw  rata  (rad/aac).  Alao  at 
aaxlnua  avaraga  Intanaltyi 
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Whan  B la  vary  larga,  froa  Equation  28-9 t 
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Implying  a alngla  pulaa  ovarlap,  and  uhan  B la  vary  aMll,  tha  pulaa  ovarlap  la  larga t 
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Thla  caaa  approachaa  a contlnuoua  wava  (CW)  wavafora. 

Tha  baaa  apot  radlua  In  Equation  28-8,  a^,  la  controllad  by  diffraction: 
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or  by  turbulanca: 


(28-13) 


a^  j • 3 ■ (C^)^^’  (28-14) 

whara  c|  la  tha  atrangth  of  turbulanca  (a~^^^),  or  by  alngla  pulaa  bloonlng  and  breakdown.  If  Ip  la  below 
tha  breakdown  Halt,  than  tha  alngla  pulaa  blooaUng-lladtad  apot  alaa,  a^g,  la  controllad  by  Equation  28-1 
and: 
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The  pulaa  length  T la  aada  equal  to  T and: 
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The  appropriate  at  to  be  choaan  la  tha  largeat  of  tha  above  three  radii,  atp,  or  atT«  or  atB< 

Returning  to  Bquatlona  28-9,  28-11,  and  28-12,  It  la  aaan  that  baaa  alewing  doaa  not  control  vary 
atrongly  whan  B*  la  very  larga.  Thla  la  ao  bacauaa  there  are  vary  few  pulaa  overlapa  for  thla  caaa,  and 
for  a atrongly  focuaaad  caaa  (N;  > > 1)  aapaclally,  thaaa  overlapa  occur  naar  tha  aperture  (whara  tha  baaa 
dlaaMter  la  greataat).  However  whan  a baaa  la  alawad  tha  raaultlng  affective  tranavarae  wind  velocity  (icR) 
la  greataat  naar  tha  fucua  and  la  vary  aaMll  naar  tha  aperture.  Thua  tha  ovarlap  nuabar  cannot  be  greatly 
affected.  However  whan  E*  la  aaall  and  thara  era  many  overlapa,  baaa  alawing  can  algnlflcantly  affect  T^. 


Vary  frequently,  operation  doaa  not  occur  at  aaxlaua  Intenalty.  Equation  28-8  than  appllaa  without  tha 
aubacrlpta  (a,  aax).  In  auch  caaea.  It  la  appropriate  to  aat  a aaxlaua  Halt  on  tha  level  of  tharaal  blooming. 
In  thla  paper,  axavplaa  of  auch  caaoa  are  given  for  three  different  wavalangtha:  10.6  pa.  3.8  pa,  and  1.06  pa. 
Tha  same  level  of  aaxlaua  tharaal  blooadng  la  choaan  for  tha  three  axaaplea: 
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rapraaantlng  a Plooalng  loaa  of  3.7  db. 
following  eat  of  paraaetara: 
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Thla  level  waa  obtained  by  chooalng  the  curve  In  Fig.  28-4  with  tha 
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and  tha  following  valuo  of  P*t 

P*  - 2 X 10*  (28-17c) 

cm 

which  Impliaa  a chotca  of  tha  ovarlap  numbart 


- 2 (28-17d> 

Alao  tha  baam  elaw  valoclty  la  aato,  Tha  apartura  alaa  la  rhoaan  to  bai 

2 - 15.4  cm  (28-17a) 

ao  that  with  tha  abova  cholca  of  Praanul  Numbar,  Nf,  and  for  a diffraction  llmltad  baami  l.a.,  a^  la  not 
llmltad  by  turbulanca  or  alngla  pulaa  blooming  and  P la  unity » thant 


2 a^,  - 3.1  cm  (28-17f) 

Than,  for  aach  wavalangth  X tha  ranga  R la  obtalnad  from  Equation  26-6  or  Equation  28-13.  A low  cross  wind 
valocliy  la  choaani 

V - 1 m/aac  (28-17g) 

Than,  from  Equation  28-4,  tha  pulaa  rapatltlon  rata  li«t 

V - X3  (28-17h) 

The  energy  per  pulaa,  E^,  la  obtalnad  for  aach  wavalangth  from  E*.  Tha  laaar  tranamittar  average  power  1st 

Pj  - Ep  V (28-18) 

As  noted  after  Equation  28-17f,  tha  ranga  la  available.  Tha  absorption  coefficient  la  than  computed  from 
Equation  28-17b.  Tha  diameter  of  the  thermally  bloomed  spot  2 ag  In  tha  focal  plana  le  obtalnad  from  Equations 
28-17a  and  28-17f: 

2 Sj  - 4.8  cm  (28-19) 

from  which  tha  average  Intanelty  In  tha  focal  plana,  I,  la  obtalnad  (see  Equation  28-8). 

Calculatlona  have  bean  made  for  the  three  wavelengths  noted  above,  using  the  apptoach  just  described 
which  yield  range  to  the  focal  plana  (R) , pulse  £nergy  (Ep) , average  transmitter  power  (P.^) , absorption  coef- 
ficient (a),  and  average  focal  plana  intensity  (I).  These  results  are  sunsiarised  In  Table  28-1. 


Table  28-1;  Delivered  Average  Intensity  In  the  Presence  of  Tharmal 
Blooming 


X 

(pm) 

R 

(Km) 

E 

P 

(J) 

"t 

a 

(cm  ^) 

Y 

UmO 

10.6 

0.5 

1,000 

13 

4 X 10”* 

600 

3.8 

1.4 

360 

4.7 

1.4  X 10"* 

214 

1.06 

5 

100 

1.3 

4 X 10*^ 

60 

In  order  to  avoid  single  pulse  blooming,  tha  pulse  length,  t , 
Equation  28-1.  It  can  be  seen  from  this  equation  that:  E 


should  be  lees  then  or  equal  to  T^, 


In 


T 

C 


a 


1 

^ e"  r 

p 


(28-20) 
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Thus  for  «ach  of  tha  tht*«  vavolangthti 


" 12  VMc 


(2S-20*) 


In  ordar  to  avoid  alngla  pulaa  )>looBin|.  Howavar.  aa  it-t'^d  '*n  Sactlon  3,  cara  nuat  ba  takan  to  avoid  braak- 
dovn  by  raaalnlng  In  tha  ahadad  raglon  of  Fig,  28-2.  Xt.a  pulaa  langth  can  ba  dacraaaad,  whlla  Mlntalnlng 
constant  pulaa  anargy»  Kp,  until  tha  braakdown  thraahol'l  la  raachad.  Blthac  tha  long  pulaa  thraahold  or  tha 
short  pulaa  thraahold  (Sactlon  3)  la  choaan,  vhlch  avar  la  noat  approprlata.  Whan  thaaa  thraaholda  ara  uaad 
at  tha  thraa  wavalangtha  than  tha  ttaxlanim  pulaa  langtha  (alnglo  pulaa  blooming)  and  nlnlnuai  pulaa  langtha 
(braakdown)  ara  thoaa  glvan  In  Tabla  28-tI. 

Tabla  28-11  > tlanga  of  Pulaa  Langtha 


Whan  a laaar  beam  with  circular  aynaaatry  propagataa  In  the  praaanca  of  a croaa  wind  and  tharmal  blooming 
occura,  tha  baaa  shops  la  dlstortad  and  a portion  of  It  bacomaa  craacant  or  kldnay-ahapad.  Tha  bsam  la  also 
daflactad  Into  tha  wind  to  that  tha  focal  spot  la  not  allgnad  with  the  beam  axis.  This  can  bo  aaan  In  tha  ast 
of  contour  plots  which  ara  shown  In  Fig.  28-S,  approprlata  to  tha  10.6  ya  case  daaurlbed  above.  In  aach 
figure  of  Fig.  28-S|  tha  avaraga  Intanalty  distribution  In  tha  focal  plana  (obtained  by  computer  calculations) 
la  rapraaantad  by  a act  of  constant  avaraga  Intanalty  laophota  or  contour  llnat. 

Fig.  28-Sa,  the  caaa  of  no  atmospheric  absorption  and  tharafora  no  thatMl  blooming,  la  shown  flrat  for 

comparison  purposes.  Within  tha  limitation  sat  by  tha  mash  slsa  of  tha  computer  program, _tha  circular  aymmatry 

of  tha  beam  la  evident.  Each  contour  line  la  laballad  with  a number  which  equals  logxo  (I/TpV).  Fig.  28-5b 
raprasenta  the  thermal  blooming  case  whan  tha  beam  alaw  velocity,  u),  la  laro,  l.e. , the  10.6*^ym  case  la  dis- 
cussed In  detail  above.  In  this  figure  the  cross  wind  direction  la  from  left  to  right.  A womparlson  with 
Fig.  28-Sa  indlcataa  that  tha  focal  apot  has  moved  towards  tha  left.  Into  the  wind,  and  that  the  spot  has 
enlarged  with  tha  forsMtlon  of  a craacant. 

Tha  beam  la  than  slewed  with  Increasing  valocity.  In  such  a direction  that  tha  affective  wind  across  the 
beam  generated  by  slewing  la  In  the  same  direction  (left  to  right)  as  tha  natural  wind  In  tha  atmosphere. 

This  avoids  stagnation  sonea  (Hayea,  J.,  1975).  Tha  trends  can  ba  seen  by  comparing  Fig.  28- 5b  through 

Fig.  28-Sg  where  the  baaa  slaw  valocity,  u,  la  increased  from  0 to  20  mrad/sac.  It  can  ba  seen  that  blooming 
dacraasea  aa  w Incraasaa,  until  at  20  mrad/aac,  blooming  haa  almost  dlsappaarad.  Thus  even  for  a relatively 
small  overlap  number,  Ng,  of  2 (which  was  used  In  these  calculations),  baam  slewing  dacrassas  tharmal 
blooming. 

Tha  thermal  blooadng  rasulta  for  stationary  and  alawad  beam  at  the  three  wavelengths  chosen  In  this 
paper  are  auamwrlsad  In  Tabla  28-III.  Tha  change  in  the  position  of  the  focal  spot  (Into  tha  wind)  due  to 
tharmal  blooming  Is  reprasanted  by: 


/ T (x,y)  dx  dy 


(28-21) 


where  x is  tha  abscissa  and  y is  the  ordinate  in  Fig.  28-5,  and  I (x,y)  is  tha  avaraga  Intensity  distribution 
In  tha  focal  plana,  x,  whose  unit  Is  cm,  raprasants  tha  "cantar  of  maaa''  of  tha  focal  plana  distribution. 

Tabla  28-III:  Thermal  Blooming  Resulta  for  Stationary  and  Slewed  Beams 


X (ym) 


I (W/cm^) 


X (cm) 


0^  2 

sac 


10.6 

0.43 

0.75 

0.92 

600 

1040 

1270 

1.73 

0.98 

0.60 

3.8 

0.43 

0.91 

0 

.98 

214 

450 

484 

1.73 

0.63 

0.29 

1.06 

0.43 

0.98 

0.99 

60 

137 

138 

1.73 

0.22 

0.09 
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5.  roc  HOLE  BORING 

Fogi  conilac  of  air  aaturatad  or  auperaaturatad  with  water  vapor  and  containing  a auapanalon  of  water 
dropleta.  Tha  number  density  of  drops  varies  between  about  10/co^  In  a light  fog  to  about  1000/cm^  In  a 
haavy  fog.  The  radii  vary  from  belov  1 ym  to  about  25  ym,  with  the  peak  of  the  distribution  of  radii  being 
In  the  range  of  a few  micrometers.  A heavy  fog  may  contain  a liquid  water  content  of  about  500  mg/m^.  For 
such  a haavy  fog  tha  a-foldlng  tranamlaslon  dlatance  la  only  about  13  m at  a wavelength  of  10.6  ym,  while  for 
a light  fog  of  density  equal  to  4 mg/m^i  the  distance  la  2.4  km. 

In  order  to  efficiently  bora  a path  through  a fog  It  la  necassary  to  vaporize  water  droplets  and  there- 
fore to  maxlmuae  the  energy  absorbed  by  the  drop.  In  Fig.  28-6,  It  Is  seen  that  at  a wavelength  of  10.6  ym 
(tha  ordinate  la  croaaactlon  per  unit  droplet  volume)  absorption  dominates  scatter  for  droplet  radii  £ 8 ym, 
the  peak  region  In  the  fog  droplet  radius  distribution.  It  can  be  seen  from  Fig.  28-7,  however,  that  at 
3.5  ym  and  at  0.6  ym  (where  absorption  la  too  small  to  plot  on  the  scale  of  the  figure)  scattering  clearly 
dominates  over  absorption.  Tne  10.6  ym  wavelength  Is  therefore  optimum  for  fog  hole  boring. 

At  a wavelength  of  10.6  ym,  the  absorption  coefficient  of  water  Is  approximately  10^  cm~^,  so  that  the 
e-foldlng  distance  for  absorption  la  10  ym.  Therefore  when  water  droplets  with  radii  greater  than  approx- 
imately 20  ym  are  irradiated  surface  heating  will  dominate.  However  for  drops  smaller  than  about  10  ym, 
volume  heating  will  donlnata. 

Experiments  (Kafalas,  P.  and  Hermann,  J. , 1973)  have  shown  that  when  a pulse  whose  wavelength  is 
10.6  ym  Irradiates  water  dropleta  In  the  radius  range  5-25  ym,  explosive  vaporization  occurs.  A Mach  1 
spherical  shock  wave  Is  generated  which  quickly  dissipates.  This  wave  la  followed  by  a sphere  of  hot  vapor 
increasing  In  size  more  slowly.  This  hot  vapor  sphere  will  have  an  Index  of  refraction  which  Is  different 
from  that  of  the  cooler  ambient  air.  The  ensemble  of  these  vapor  spheres  will  cause  laser  beam  spreading. 

A quantitative  analysis  of  this  spreading  or  defocusslng  has  not  been  made  as  yet.  However,  a quantitative 
analysis  of  the  energy  required  for  beam  trsnamlaalon  has  been  mads  (Gllckler,  S.  L. , 1971)  and  Is  used 
below.  This  analysis  has  been  verified  experimentally  in  the  laboratory  (Lowder,  J E.,  Klelnan,  H.,  and 
O'Heil,  R.  W.,  1974). 


In  the  prasancs  of  fog  hole  boring,  the  energy  transmitted  through  a fog  Is: 
" E + ( ~ ) In  ( e"’^°  + (1  - e""^®]  e'  } 

b O 


(28-22) 


where  E^  Is  the  transmitted  energy,  E^  is  the  Incident  energy,  and  A Is  the  area  of  the  collimated  beam.  The 
constants  and  are  dependent  on  the  properties  of  the  fog: 


4 p h a 
V o 


(28-22a) 


(28-22b) 


where  6 la  the  water  droplet  mass  density  per  unit  volume  of  gas  (g/m^) , L is  the  beam  length  (Km) , and 
are  the  absorption  and  extinction  efficiencies  respectively  at  the  mean  droplet  radius  ~Sq  of  the  original  fog 
disttlbution,  p Is  the  density  of  water  and  is  the  energy  required  for  vaporization,  l.e.,  2600  J/g  which 
Includes  the  energy  required  to  heat  the  water  from  20°C  to  100°C. 

The  transmission  properties  of  the  bored  hole  are  shown  In  Fig.  28-8,  where  the  ordinate  Is  the  fraction 
of  Intensity  transmitted  and  the  abscissa  Is  either  Input  energy  density  or  time  to  hole-bore  for  two  dif- 
ferent Input  Intensities.  Three  curves  are  given,  each  for  a different  value  of  6 L with  an  assumed  constant 
drop  radius  of  3 ym.  In  Fig.  28-8  Is  also  shown  the  energy  density  (Eg  ^)  or  fluence  obtained  by  assuming 
that  all  of  the  absorbed  laser  power  completely  vaporizes  the  droplets: 


E.  , - 6 L h 

0 L V 


(28-73c) 


It  can  be  seen  from  this  figure  tnat  within  a factor  which  is  not  much  greater  than  two  or  three,  approximately 
all  of  the  Input  laser  energy  Is  useful  In  boring  a hols  In  a fog,  resulting  In  very  good  transmission  prop- 
erties. For  example,  for  a (6  L)  of  0.0*=  (g/m^  - Km) 


(28-23d) 


and  the  fluence  required  for  lOOZ  transmission  la  approximately  33  J/cm  . 


A cross  wind  continually  brings  new  droplets  Into  the  beam  which  must  be  vaporized  during  the  pulse 
time,  T , If  the  radius  of  the  collimated  beam  is  S],  so  that  A,  the  beam  area  Is  Tr  a^,  then  to  first  order 
the  required  Increase  In  hole  boring  energy  due  to  the  cross  wind  of  velocity  V Is 


A E - 1 + 

w n a. 


(28-24) 


3M 

If,  for  example,  the  ctoae  wind  velocity  is  10  m/eec,  the  pulse  length  is  15  msec,  and  the  beam  radius  is 
5 cm,  then  to  first  order  an  increase  of  a factor  of  three  is  required  in  hole  boring  energy  in  order  to 
overcome  the  influx  of  new  droplets  brought  into  the  beam  by  the  wind. 
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NUMERICAL  METHODS  IN  HIGH  POWER  I^SER  PROPAGATION 

Peter  B.  Ulrich 
Optical  Sciences  Division 
Naval  Research  Laboratory 
Washington,  D.  C 20375 
U.S.A. 


NuiiMficil  loluliont  to  tiw  complm  nonUnMr  probUmt  of  the  Intmctlon  of  hl|h  eneriy  liten  with  th«  ttmotplwn  hivt 
played  an  important  role  in  the  undentandlni  end  development  of  thli  Important  end  Intereitini  (Wd.  Thii  paper  lummarlxet  the 
relevant  partial  differantlal  equattona  that  apply,  the  klnda  of  numerical  alfoilthma  employed  In  their  aolution  and  repceaentatlve 
reaulta  of  a varlity  of  caaea  of  Interaat.  Compariaon  with  experiment  it  made  wherever  poirtble.  Other  effacta  which  Impact  the 
thennal  Uoomint  phenomena  ate  alto  addraaaed. 


I.  INTRODUCTION 

The  laat  week  of  October  1975  la  of  tpecial  eifnlflcance  in  the  hiatory  of  the  development  of  numerietd  techniquet  in  high 
power  taier  propagation.  For  it  waa  ten  yean  ago,  aim  oat  to  the  day,  that  a numerical  al^rithm  of  the  type  to  be  dlacuaaed  in  thia 
paper  wu  aucc^ully  applied  to  a problem  in  nonlinear  optica.  The  paper  (KELLY,  P.L.,  1965)  entitled  “Self  Focusing  of  Optical 
Beiuna,”  wu  a'ohmltted  to  the  Phyakal  Review  Letten  on  October  21.  1965.  The  author.  Paul  Kelley  of  MIT  Lincoln  Laboratory,  nu- 
merlcaily  integnted  the  scalar  wave  equation  for  the  electric  field  in  a medium  with  a auaceptibiUty  which  depended  on  the  square  of 
the  field. 

Since  the  late  60’a,  when  the  successful  operation  of  high  power  laaen  wu  fint  realized,  the  uu  of  numerical  analyda  in  nonlinear 
optica  has  increased  in  acope  and  aophUtication.  It  is  the  purpose  of  thia  paper  to  survey  the  developments  in  this  interesting  and  com- 
plex field. 

Section  II  is  a brief  outline  of  the  physics  of  the  interaction  of  intense  light  with  an  absorbing  fluid  (liquid  or  gu)  included  here 
both  to  make  the  paper  self-contained  and  u background  for  the  discussions  of  specific  applications  of  the  computer  codes  to  problems  j w 

of  interest  in  atmospheric  propagation.  In  section  III  a diKUsaion  is  given  of  the  application  of  numerical  methods  to  the  problems  at 
hand.  An  important  element  in  the  development  of  accurate  and  efficient  algorithms  was  the  implementation  of  coordinate  system 
changes  and  phase  changes  of  the  dependent  variable  designed  to  better  follow  the  scale  and  focal  properties  of  the  distorting  beam. 

Thia  topicts  treated  in  section  IV.  &ven  general  space-time  regimes  of  high  power  laser  propagation  are  identified  in  uctlon  V and 
repreuntative  results  are  presented  for  each  together  with  comparison  with  experiments  where  appropriate.  Although  the  main  thrust 
of  the  development  of  these  computer  codes  hu  been  a study  of  the  nonlineu  interaction  of  beam  and  absorber,  other  effects  have  been 
Incorporated  in  order  to  make  the  simulation  u close  to  reality  as  possible.  These  phenomena,  which  include  turbulence,  aerosol  scat- 
tering (and  heating-a  nonlinear  proceu),  mltror  deformation  (truncation,  obscuration,  jitter)  multiwavelength  laser  effects  and  the 
interaction  of  all  thew,  ate  the  subjects  of  section  VI. 


Q.  UGHT  ABSORPTION  IN  A GAS  OR  UQUID 
A.  Scalv  Wave  Equation  for  the  Laaer  Beam 

This  subject  has  been  developed  by  parallel  efforts  at  a number  of  laboratories.  Discussion  of  the  physics  of  the  interaction  of  high 
power  beams  with  gases  can  be  found  in  the  following  papers  and  references;  (WALLACE,  J.  and  CAMAC,  M.,  1970),  (GEBHARDT, 
F.G.  and  SMfTH,  D.C.,  1971),  (LIVINGSTON.  P.M.,  1971),  (AITKEN,  A.H.,  HAYES.  J.N.,  and  ULRICH,  P.B.,  1971),  (HERRMANN,  J., 
and  BRADLEY.  L.C.,  1971),  (RANGNEKAR,  S.S.,  1971),  (GEBHARDT.  F.G.  and  SMITH,  D.C.,  1972),  (HAYES,  J.N.,  ULRICH,  P.B., 
and  AITKEN,  A.H.,  1972),  (HAYES.  J.N.,  1972),  (AVIZONIS,  P.V.,  HOGGE,  C.B.,  BUTTS,  R.R.,  and  KENEMUTH,  J.R.,  1972), 
(AITKEN,  A.H.,  HAYES,  J.N.,  and  ULRICH,  P.B.,  1973),  (BISSONNETTE,  L.R.,  1973),  (FRIED,  D.L.,  1974),  (BREAUX.  H.,  1974), 

The  analysis  begins  with  Maxwell’s  equations  for  the  propagation  of  harmonically  varying  electric  field,  E 

V^E  + k^et  = 0 (1) 

where  k “ w/c,  e is  the  dielectric  constant  and  the  depolarization  of  the  field  due  to  gradients  of  e in  distances  on  the  order  of  a 
wavelength  is  ignored.  Thus  a single  linearly  polarized  amplitude  will  be  studied.  Further,  the  rapidly  varying  optical  phase, 
e.,p  {ik  y/eoi)  is  removed  where  <o  is  the  undisturbed  dielectric  constant.  The  equation  for  the  remaining  slowly-varying-in-range 
component,  ifi,  is 


2ikdtfi/ds  + + *2(n2  - l)ip  = 0 . 


(2) 


where  the  “paraxial  approximation," 


|*8^/dz|  » IdlWdr^l 

has  been  made,  where  vj  = 32/9*2  + 32/dy2  gnd  where  n^  • e and  «o  = 1.  In  the  absence  of  absorption  «2  * i throughout  the 
path  of  the  light  beam  and  the  solution  to  Eq.  (2)  is  the  familiar  Fresnel  integral 


i-ikl2wt)JJ  dxodroVl^O.XO.Oiexpjrtfc* -*o)^  + (y  ~>’o)^]/2r|  . 


(3) 


■.  . 
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B.  AbwiiMiig  Madtuih  Equattoni 

In  the  preeence  of  tbiorption  the  equttiom  deicrlbing  the  medium  beini  heated  by  the  luer  beam  are  added  to  Eq.  (2).  Theae 
are: 


conservation  of  mam, 

8p/ar  + (V  • V)p  + p(7  • V)  ■ 0 

(4) 

conservation  of  momentum. 

p(av/8(  t (V  • V)vl  7p  ■ 0 

(5) 

conservation  of  energy. 

dpiit  + (v  • 7)p  - 7p(7  • v)  “ (7~  i)«J 

(6) 

where  p,  p,  w are  the  density,  pretture  and  velocity  of  the  fluid, 7 ratio  of  specific  heaU,  Cp/c» , a it  the  absorption  coefficient  pet  unit 
lenfth,  and  /(x,  y,  x)  is  the  lamr  beam  irrad lance,  power  per  unit  area.  Atthou^  there  are  tome  situations  where  linearization  of  these 
equations  is  not  appropriate  due  to  latie  temperature  chanfes  in  the  medium  (this  can  occur  in  abtotblnB  ceU  experiments  in  the  labora- 
tory (ULRICH,  P.B.,  HAYES,  I.N.,  AITKEN,  A.H.,  1 972)),  or  due  to  fluid  motion  relative  to  the  beam  at  about  the  speed  of  sound 
(HAYES,  J.N.,  1974),  most  cases  of  interest  in  atmospheiic  propagation  are  quite  accurately  treated  by  linearized  hydrodynamics. 
Recently,  this  hypothesis  has  been  confirmed  by  solving  Eq.  (2)  and  the  full  nonlinear  set  (4-6)  in  the  case  of  short  laser  pulses. 
(FLECK,  J.A.,  JR.,  MORRIS,  I.R.  and  FEIT,  MJ.,  1975).  Tills  paper  wUi  be  confined  to  a discussion  of  fluid  disturbances  which  obey 
the  linearized  version  of  Eqi  (4-6).  These  are: 

conservation  of  mass,  (linearized) 


3pi/ar  + poV  • Vi  + (vo  • 7)pi  “ 0 (7) 

conservation  of  momentum,  (iinearlzed) 

Potdvi/ar  + (vo  • 7)V|1  + Vpj  ■ 0 (8) 

conservation  of  energy,  (linearized) 

api/ar  + (vo  • v)pi  - tpo(7  • vi)  « (7- 1)«/.  (9) 

Where  p * Po  Pi  > etc.,  Po,  vq,  po  are  assumed  uniform  and  constant,  and  squares  of  first  order  quantities  are  ignored.  Depending  on 
the  space-time  regime,  the  set  of  Eqa  (7-9)  is  solved  directly  by  an  appropriate  numerical  algorithm  or  the  equations  are  solved  for  the 
density  change  up  to  a quadrature. 


C.  Equation  Coupling  Beam  and  Abaotbcr 

At  optical  frequencies  and  for  a gas  or  transparent  liquid  the  relation  between  index  of  refraction  and  medium  density  is  given  by 
the  Lorentz-Lorenz  equation  (JACKSON,  J.D.,  1962), 

(n*  - l)/Oi^  + 2)  - Np  (10) 

where  N,  the  molecular  refractivlty,  is  independent  of  wavelength  to  a good  approximation  in  the  visible  and  near  IR  and  has  the  value 
.154  cm* /gram.  (WOLFE,  W.L.,  1965). 

Thus  the  solution  to  the  problem  of  laser  propagation  in  the  atmosphere  is  obtained  by  simultaneous  solution  of  Eqs.  (2),  (7- 1 0). 
The  next  section  discusses  methods  for  designing  stable  algorithms  to  achieve  accurate  solutions  efficiently. 


III.  NUMERICAL  TECHNIQUES 

Equation  (2)  can  be  rewritten  in  the  form 

dtpidx  * F{<p)  (li) 

where  F represents  a functional  which  includes,  in  general,  the  operations  of  transverse  differentation  and  integration  of  f and  perhaps 
also  explicit  dependence  onx,  y,  and  z.  In  addition,  one  needs  initial  conditions  at  z > 0 

y.  0)  - ^(x.  y)  (12) 

and  boundary  conditions  for  z > 0 

V>{±-,  ±«,  z)  » Vi^(+»,  ±«,  z)  - 0 . (13) 

Equations  ( 1 1-13)  represent  a well-posed  problem  and  so  a unique  solution  can  be  found  in  principle  at  some  plane  z > 0.  (COURANT, 
R.,  1962). 

A selection  of  references  which  deal  with  algorithms  employed  to  solve  partial  differential  equations  and  which  various  investigators 
have  found  useful  in  the  thermal  blooming  problem  is  given  here:  (FORSYTHE,  G.E.  and  WASOW,  W.R.,  1967),  (RICHTMYER,  R.D. 
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uid  MORTON,  K.W.,  1967),  (GODUNOV,  S.K.  and  RYABENKI,  V.S.,  1964),  (ORTEGA,  J.M.,  1972),  (DOUGLAS,  J.,  JR.,  and 
DUPONT,  T„  1971),(GREV1LLE,T.N.E.,  1969),  (VARGA,  R.S.,  1961). 

The  numerical  techniquea  which  will  be  diicutied,  whether  Integral  or  differential  will  be  baaed  on  a ''marching’'  technique  of  the 
general  form 


N 

L 

I«1 


Ax 


(14) 


where  ^ ■■  ^(x,  y,  nAx).  the  algorithm  it  termed  expUcit  and  the  aolution  it  obtained  timply  by  evaluating  the  exprettlon  on 

the  right-hand  tide  of  Eq.  (14).  Otherwiae  the  algorithm  it  termed  implicit.  Explicit  algorithma,  while  generally  fatter  per  range  ttep, 
are  utually  limited  by  stability  criteria  to  a maximum  Ax  and  therefore  require  many  ttept  to  reach  the  aolution  plane.  Implicit  alg^ 
rithmi  are  generally  stable  for  all  choicet  of  Ax  and  only  contideration  of  accuracy  dictatea  the  tize  of  each  step.  The  implicit  algorithm 
tends  to  take  longer  to  calculate  than  the  explicit  algorithm  tinue  a matrix  invenion  it  required  to  solve  a set  of  simultaneous  difference 
equations. 


Another  approach  which  it  widely  used  it  to  Fourier  transform  Eq.  (1 1)  in  the  transverse  variables,  x and  y.  (BREAUX,  H.J., 
1974),  (WALLACE,  I.,  JR.,  and  LILLY,  J.Q.,  1974).  By  suitable  coor^ate  system  and  dependent  variable  transfonnationt,  whi^  will 
be  exhibited  below,  the  ordinary  differential  equation  that  is  obtained  in  transform  space  can  be  soNed  exactly  to  get  the  transformed 
amplitude  at  the  new  range  step.  The  use  Of  the  Fut  Fourier  Transform  (FFT)  algorithm  (see  e.g.,  COCHRAN,  W.T.,  et  al,  1967)  makes 
this  method  efflcient  enough  to  compete  with  the  other  methods. 

Yet  another  method  for  dealing  with  Eq.  ( 1 1 ) numerically  it  to  write  its  formal  solution  u 


V>(*. >>.*)■- 4,  JJ  dxQdyo  G(x,  y,  x;xo,  yo.  0)v>(xo, yo)  (IS) 


where  G is  the  Green’s  function  for  the  problem.  (LYNCH,  P.J.,  and  BULLOCK,  D.L.,  1974). 

In  practice,  an  approximation  to  G is  required  and  one  is  led  thereby  to  a restriction  on  the  size  of  the  range  difference.  Thus, 

Eq.  (IS)  is  applied  sequentially  for  a number  of  steps  to  the  solution  plane  and,  therefore,  has  many  of  the  features  of  the  direct  differ- 
ential approach.  A variant  of  this  integral  solution  approach  (LUTOMIRSKl,  R.,  1974)  is  to  solve  Eq.  (IS)  at  the  solution  plane  using 
the  free  space  Green's  function.  The  resultant  amplitude  is  then  used  to  alter  the  Green’s  function  and  the  integration  is  repeated.  This 
process  is  reiterated  until  the  amplitude  at  some  step  changes  negligibly  from  the  amplitude  at  the  previous  step. 

Examples  of  these  techniques  applied  specifically  to  Eq.  (2)  will  now  be  gNen. 


1.  Explicit  Algorithm: 

This  is  the  algorithm  mentioned  in  the  introduction  which  was  used  by  KeUey.  As  pointed  out  by  Harmuth  (HARMUTH,  H.F., 
1957)  in  his  study  of  the  Schrodinger  equation  by  numerical  means,  equations  of  the  type  of  which  Eq.  (2)  is  a sample  are  stable  when  a 
symmetric  difference  is  used  to  represent  the  x-derivative.  Using  the  notation 

^ ( = ^(AAx,  {Ay,  mAx)  (16) 

and  defining  the  central  difference  operator 

+^yS+i^£  j^Ax)* 

(similarly  for  6^  ) one  has 

- ^,V  + (^/<*)(«x  07) 

where 


/■  *7(ri2(M2)-  1]  . (18) 

A schematic  diagram  of  the  flow  of  the  algorithm  is  given  in  Fig.  1 , where  the  dots  indicate  computational  nodes  from  which  data 
are  taken  to  contribute  to  the  solution  at  the  nude  (k,£,  m-i-t ) indicated  by  the  open  circle.  1'he  y-  or  1-dimension  has  been  suppressed. 


2.  Implicit  Algorithm: 

An  example  of  a popular  algorithm  which  is  successfully  applied  to  heat  conduction  problems  is  the  following  (CRANK,  J.  and 
NICOLSON,  P.,  1947): 


+(  Ax/2iit)(6j  + )j2  + . (19) 

Figure  2 shows  a schematic  representation  of  this  algorithm.  The  method  is  stable  for  all  choices  of  Ax/(Ax)7  and  Ax/(Ay)^.  Solu- 
tions are  achieved  only  after  lengthy  matrix  inversion  to  completely  specify  ip  at  the  plane  x ■ (m  -t-  l)Ax.  This  method  has  not  been 
actually  employed  in  thermal  blooming  problems  due  to  the  existence  of  a much  more  efficient  stable  algorithm  which  is  diacusaed  next. 
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3.  Combtmd  Implieit  and  Explicit: 

A novel  two  step  procedure  which  eltematei  the  nature  of  the  elcorlthni  from  explicit  to  implicit  for  Uie  x-direction  and  vice-veru 
for  the>*-difectlon  pravidat  an  efficient  stable  algorithm  (PEACEMAN,  D.W.  and  RACHFORD,  H.H.,  1953),  (DOUGLAS,  J.,  1955), 
(DOUGLAS,  J.  and  RACHFORD,  H.H.,  1956). 

At  the  fint  etep  the  algorithm  ii  explicit  inx,  implicit  in>: 

WT,*'  - (20) 

At  the  next  step  the  algorithm  la  implicit  in  x,  explicit  in >*: 

. (21) 

The  method  ii  unconditionally  stable  for  the  ^wo-step  process  as  a whole  and  at  each  sub-step  the  solution  requires  only  the  inversion  of 
a tri4iagonal  matrix  which  is  rapidly  accomplished  by  Gaussian  elimination  (FORSYTHE,  G.E.  and  WASOW,  W.R.,  1967).  Figure  3 
shows  a schematic  representation  of  the  algorithm.  This  method  is  called  the  Alternating  Direction  Implicit,  or  ADI,  method  and  it  hat 
pnwed  extremely  useful  for  studying  nonlinear  propagation  problems. 


4,  Fut-Fourier  Transform  Solutions: 


As  will  be  shown  in  the  next  section,  it  it  possible  to  transform  the  amplitude  of  the  laser  beam  at  each  step  so  that  the  nonlinear 
term  does  not  appesr  in  the  partial  differential  Eq.  (2)  but  is  Incorporated,  instead,  in  the  phase  of  a new  dependent  variable  which 
satisfies  the  equation 


2ikd<l>lix  + = 0 

(22) 

Le.,  free  space  propagation. 

A finite  Fourier  transform  is  performed  on  Eq.  (22)  by  writing 
Hx 

Then 

<l>(x,y,x)  “ ^ I'P"*  • 

(23) 

21*3C„,/3z  ={pi^qi)C„„. 

(24) 

Assume  Cma  is  known  at  x.  Its  values  at  i Az  are  given  by 

C*„(r  + At)  - C,„b(*)  exp[-/Az(pJ,  + ) 2* ] . (25) 

The  amplitude  <Hx,  y,  x + Az)  is  obtained  by  inverse  Fourier  transformation  of  the  Cmn-  (BREAUX,  H.J.,  1974),  (WALLACE,  J. 
and  LILLY,  J.Q.,  1974).  The  true  field  is  then  reconstructed  by  reintroduction  of  the  nonlinear  phase  as  will  be  discussed  in  the  next 
section. 

Note  that  the  propagation  of  the  fields  is  exact  for  all  frequencies  up  to  the  Nyquist  sampling  frequency,  1/Ax  or  l/Ay  where  Ax, 
Ay,  are  the  mesh  spacings  This  means  that  laser  intensity  distributions  with  rapid  transverse  variation  (e.g.,  truncated  or  obscured 
bems)  can  be  well  treated  by  the  FFT  algorithm  without  apodization  (FLECK,  J.A.,  MORRIS,  J.R.  and  FEIT,  M.J.,  1975).  As  an  ex- 
ample of  the  accuracy  with  which  a complicated  diffraction  pattern  can  be  calculated.  Fig.  4 shows  a comparison  between  experiment 
and  calculated  patterns  for  a rectangular  aperture.  (CORDRAY,  D.M.,  1975.)  The  location  of  the  zeros  and  maxima  are  accurately  cal- 
culated. The  values  of  the  maxima  are  given  in  the  table  and  compared  with  the  theoretical  values.  When  one  considers  that  these 
maxima  are  in  some  cases  almost  two  orden  of  magnitude  below  the  central  peak  intensity,  the  agreement  is  seen  to  be  extremely  good. 

A large  contributing  factor  to  the  accuracy  of  the  calculation  of  the  rectangular  aperture  problem  is  the  use  of  a square  mesh  ori- 
ented parallel  to  the  aperture.  The  patterns  calculated  with  circular  nr  other  shaped  apertures  are  not  quite  as  accurately  done.  Figure  5 
shows  the  comparison  for  a uniformly  illiminatvsd  circular  aperture  (CORDRAY,  D.M.,  1975).  Some  of  the  structure  seen  in  the  com- 
puter result  is  due  to  the  interpolations  inherent  in  the  contour  plotting  routine. 


5.  Integfal  Methods; 

The  formal  solution  of  Eq.  (2)  is  given  in  Eq.  (15).  In  order  to  exploit  this  solution  an  approximation  is  made  to  represent  the 
Green’s  function  as 


C«(x,y,z;xi,yi,zi)  * Go(x,y,z;xi,yi.zi)exp|-^  ds',/(xf,(z').y,(z'),z')| 


(26) 


where  x,  and  y,  are  transverse  variables  which  follow  the  focusing  or  defocusing  of  the  beam  and  Go  is  the  free  space  propagator.  In 
order  to  neglect  an  amplitude  correction  which  must  also  be  applied  to  Go,  in  general,  a restriction  is  placed  ^n  the  step  Thus  an 
iterative  procedure  for  the  complete  solution  is  required  u was  the  case  for  the  differential  approach. 
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IV.  IMTROVEMENT  OF  COMPUTATIONAL  EFFIGENCY 

There  ere  ■ number  of  weys  In  which  the  accuracy  and  apeed  of  the  computation  can  be  improved  by  Judicious  choice  of  coordinate 
system  and  by  appropriate  changes  in  the  dependent  variable.  These  changes  can  be  applied  a priori  to  the  basic  equations.  These  are 
^ted  nonadaptive  coordinate  systems.  In  the  most  sophisticated  approach,  transfoimations  are  applied  as  the  problem  is  iterated  to- 
wards a solution,  automatically  adjusting  the  coordinate  system  to  the  changes  in  the  beam  phase  fionts.  Such  alterations  are  known  as 
adaptive  coordinate  and  phase  changes. 


Nonadaptive  Coordinate  Systems 


An  example  of  a collection  of  nonadaptive  changes  to  the  basic  equations  which  has  proven  useful  in  thermal  blooming  calculations 
will  be  given  here.  (ULRICH,  P.B.,  1971.)  Slightly  different  coordinate  systems  have  been  employed  by  other  worken,  (HERRMANN, 
J.,  and  BRADLEY,  L.C.,  1971),  (BREAUX,  H.J.,  1974),  (HOGGE,  C.B.,  1971)  but  all  systems  are  essentially  equivalent  in  their  ability 
to  enhance  the  efficiency  (speed  plus  accuracy)  of  the  computation. 


The  idea  here  is  to  utilize  a coordinate  system  in  which  a flmdamental  solution  to  Eq.  (2)  with  b i (no  blooming)  is  ( 1)  pure 
real  and  (2)  constant  in  range,  z.  The  fundamental  mode  selected  as  the  TE^,  gaussian  beam  with  geometrical  focus  at  r >■/  (KOGELNIK, 
H.,  and  U,T„  1966).  At! -O  this  mode  has  the  form  , 


y>o(*.y) 


xp  t-(*2  +y2)/2«2  - lk(x^  +y3)/2f) 


(27) 


where  a is  a transverse  scale  length  which  is  a measure  of  the  initial  size  of  the  beam.  With  this  mode  at  the  initial  plane,  the  solution  for 
range  is  given  by  performing  the  integrations  in  Eq.  (3)  and  is. 


'P(x,  y,  z) 


■ ^^V^iw^fljexp  I / ~ dinD^I'^ldi  + I tan">(f/(l  -f//)  - 


(28) 


where  f " tlka^ , / = flka^ , 22  (f ) ="  ?^  + ( 1 - f//)^ . The  presence  of  the  quadratic  terms  in  the  imaginary  part  of  the  exponential  gives 
rise  to  high  frequency  oscillations  in  the  amplitude  forx>a,y>a.  These  can  exceed  the  sampling  frequency  of  the  computational 
mesh.  Thus,  a phase  change  is  made  to  remove  these  terms.  Additionally,  the  amplitude  is  seen  to  grow  in  range  mz  -*  f due  to  the 
presence  of  the  term  (ira2/))'l/2.  Thus,  it  is  desirable  to  remove  tliis  factor  as  well.  As  the  beam  focuses  and  becomes  smaller  the 
mathematical  mesh  should  shrink  at  the  same  rate  to  accurately  model  the  transverse  distribution.  These  considerations  lead  to  the  fol- 
lowing set  of  transformations: 

( 1 ) Removal  of  the  quadratic  phase  and  amplitude,  leaving  a pure  real  Gaussian  amplitude  in  vacuum. 

(2)  Scaling  of  the  transverse  coordinates  with  beam  size,  3f  ® xia  ^/IT,  7 w y/a  ^/IT. 

(3)  Alteration  of  step  size  Az  to  automatically  take  smaller  steps  in  the  region  of  high  beam  intensity,  dZjdi  “ 1/D.  Equation  (2) 
then  takes  the  form 


libiim  + ^i<ti  + (2-Y2  + Dk^aHn^  - l)ij/  = 0 . (29) 

Note  that,  for  n*  = 1,  d'  ” exp  [-(S'2  +y2)/2]  and  b^lbl  •=  0 as  desired.  The  presence  of  the  last  term  on  the  left-hand  side  of  Eq.  (29) 
gives  rise  to  contributions  to  the  imaginary  part  of  As  the  blooming  becomes  severe  these  contributions  become  difficult  to  compute. 
The  surfaces  of  constant  phase  of  the  distorted  amplitude  become  quite  different  from  the  coordinate  surfaces.  The  beam  grows  in  one 
direction  and  compresses  in  anotlier-  leading  to  conflicting  sampling  requirements  in  x and  y.  For  these  cases,  a method  for  adapting 
the  tilt  and  radius  of  curvature  of  the  coordinate  surface  independently  in  the  two  transverse  directions  to  match,  on  the  average,  the 
corresponding  quantities  for  the  distorted  wave  front  is  needed  to  efficiently  calculate  the  propagation  in  the  presence  of  strong  thermal 
blooming.  A technique  for  doing  this  is  discusseo  next. 


Removal  of  the  Nonlinear  Phase 

By  removal  of  the  nonlinear  contribution  to  the  phase  at  each  step  it  is  possible  to  derive  an  equation  which  looks  like  the  free-space 
propagation  equation.  (HERRMANN,  3.,  and  BRADLEY,  L.C.,  1971.) 

The  alterations  ate  made  to  Eq.  (29). 

gQl.y.Z)  = Y2  + 5>2  - 2 - *2<j2D(Z)(n2  - 1) 

and  let 

^(^,y,Z)  = «t(S',?.z)exp|^-^  g(3r,y,z')dzj  OO 


where  Zq  is  a constant  to  be  specified. 
Let 


rfs-.y.z)  gcr.7,z')dz' 

•’Zo 


J ' *■ 
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Then  Bq.  (29)  becomei 


where  the  opentor  H ii  deflned  to  be 


2id*ldZ  * mz)*  - 0 
H(Z)  ■ 


(31) 


The  tpeclflcation  otH(.x)  for  numericel  work  it  now  required.  H(t)  is  chosen  to  operste  midway  between  the  .'omputational  planes  at 
s and  1 As.  In  addition  the  lower  limit,  sq,  in  r is  chosen  to  be  et  x Az/2  os  well.  Thus  H(x)  becomes  H(z)  ^ Vl  so  that  Eq.  (3 1 ) is 
now  much  simpliRed  and  looks  like  a free  space  propaiation  equation 

2/a*/az  + Vl*  « 0.  (32) 

The  opeiationt  taken  to  propagate  one  step  in  range  are  ( 1 ) removal  of  nonlinear  phase  at  x by  Eq.  (30),  (2)  propagation  of  the  new 
amplitude  by  Eq.  (32),  and  (3)  replacement  of  phase  at  the  new  plane  x -*  Ax  by  the  Inverse  to  Eq.  (30). 

The  solution  to  Eq.  (32)  is  obtained  by  a variety  of  meant,  expUcit,  (ULRICH,  P.B.,  HAYES,  J.N.,  HANCOCK,  J.H.,  and  ULRICH, 
J.T.,  1974),  implicit  with  central  differences  (ULRICH,  P.B.,  1974)  or  with  a Galeikln  method  and  splines  (HERRMANN,  J.  and 
BRADLEY,  L.C.,  1971),  (ULRICH,  P.B.,  1974),  or  the  fast  Fourier  Transform.  (BREAUX,  H.J.,  1974),  (WALLACE,:,  and  LILLY, 
J.Q.,  1974.) 

Adaptive  Coordinate  Systems 

The  nonadaptive  changes  leading  to  Eq.  (29)  can  be  generalized  to  allow  their  application  without  a priori  knowledge  of  the  pliase 
front  tilt  and  curvature  as  a function  of  range.  (BRADLEY,  L.C.  and  HERRMANN,  J.  1974.)  At  eav.li  range  step  the  amplitude  x is 
altered  by  removing  the  average  tilt,  curvature  and  scale  of  the  phase  front.  At  some  plane  ; the  phase  of  the  wave  amplitude  measured 
with  respect  to  the  equlphase  surface  of  the  local  coordinate  system  is 

'fi(x,y)  = wo  + Vip*dr 

where' r lies  in  the  coordinate  equiphase  surface.  Now,  a tilt  and  refocusing  is  performed  on  the  amplitude  to  mmimize  this  phase 
gradient 


Before  the  correction  the  amplitude  is  of  the  form 


^ = A oxp  (-fw)  • 


Correction  is  applied  to  give 


= A exp( ^ + iyy  ) s A exp 


(33) 


where  Oj,,  <Xy,  Px,  Pyi  are  determined  by  minimizing  7w'  on  the  average  over  the  computational  plane.  The  minimizatior  is  weighted  by 
the  beam  intensity  so  that  the  curvative  and  tilt  at  the  position  of  the  beam  contribute  most  strongly.  Tlie  condition 


JJ" dx  e/y  = minimum 


(34) 


is  satisfied  by  taking  partial  derivatives  with  respect  to  the  a’s  and  P’s  to  get  four  equations  for  the  four  unknowns.  These  are  then  used 
in  Eq.  (33)  to  reduce  the  linear  and  quadratic  phase.  In  addition  coordinate  changes  in  scale  and  a shift  of  the  center  of  the  coordinate 
system  are  also  applied  to  preserve  the  form  invariance  of  the  basic  partial  differential  equation.  This  pemiits  the  algorithm  to  remain 
unchanged  throughout  the  calculation.  Equation  (29)  is  now  generalized  to 


bZ  Dx  Dy  3y2 


+ [2(7* +7y)  - - fy(y'  ~yo9]<i'c  + s/l^xOy  *2a2(„2  - = 0 (35) 


where  £>*,  Dy  are  now  calculated  from  a,,  a*  at  each  step  as  are  7*,  ty.fx.fy-  This  algorithm,  while  requiring  more  calculation  per 
step,  actually  is  not  much  more  expensive  of  computer  time  for  a given  problem  than  the  nonadaptive  system.  This  is  because  a coarser 
sampling  both  in  the  transverse  plane  and  in  range  is  allowed  since  the  coordinate  surfaces  better  follow  the  phase  surfaces  of  the  distort- 
ing beam. 

V.  APPUCATION  TO  THERMAL  BLOOMING  PROBLEMS 

Because  of  tne  wide  range  of  time  scales  representing  the  variety  of  phenomena  in  Thermal  blooming,  no  one  all-inclusive  algorithm 
V ill  solve  the  simultaneous  set  of  Eqs.  (2)  and  ('^)  to  (10).  Instead,  the  problems  are  categorized  by  their  time  scales  and  separately 
solved.  This  section  is  devoted  to  a discussion  of  seven  such  thermal  blooming  time  regimes.  Let  c,  be  the  speed  of  sound,  be  the 
wind-plus  slew  velocity,  = vq  + be  the  buoyant  velocity,  d be  a characteristic  be.nm  diameter.  Let  t be  the  pulse  length.  Then 

the  time  regimes  are: 


(1)  Short  pulse:  t < djc, 

(2)  LonSj^rise!  djc,  < t « dlv^ 

(3)  Transient;  r ==  dlv^  (includes =«  d/r^) 

(4)  CW:  T » dlv^ 

(5)  Multipulse  Transient  — a series  of  short  pulses  — t « djc,  - studied  in  time  •«  djv,^ 

(6)  Multipulse  Steady  State  - a series  of  short  pulses  - t « djc,  - studied  at  time  » d/v 


w 


Dimensions 
r,z,t 
r,  z,  t 


x,y,z,t 


x,y,z 

x,y,z,t 

x,y,z 
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(7)  Sonic  flow  problems,  Vh,  ^ C,  x,y,z,t 

Short  Pitlse  Regime  (ULRICH.  P.B.,  1971),  (ULRICH,  P.B.  and  WALLACE,  J.  JR.,  1973) 

In  the  short  pulse  regime,  if  the  initial  distribution  is  symmetric  it  will  remain  so  since  external  nonsymmetrical  influences  such  as 
forced  convection  (wind)  or  gravity  are  too  slow  to  alter  the  symmetry.  The  problem  is  then  soluble  in  cylindrical  coordinates  and  is 
reduced,  thereby,  to  three  dimensions,  r,  z,  t.  The  set  of  Eqs.  (7)  to  (9)  can  b ■ solved  numerically  as  written  or  a single  equation  in- 
volving only  the  density  can  be  derived 


(32/3/2  -C^V^JOp/dr)  = (7-  l)aV2/. 


(36) 


Both  approaches  have  been  employed. 

, This  regime  is  amenable  to  analytic  study  as  well  fAITKEN,  A.H.,  HAYES,  J.N.,  and  ULRICH,  P.B.,  1973)  in  both  geometical  op- 
tics (HAYES,  J.N.,  1972)  and  wave  optics  (ULRICH,  P.B.,  1972).  Comparison  of  analytic  and  computer  results  is  made  in  Fig.  6.  The 
agreement  is  seen  to  be  excellent  and  one  can  rely  confidentially  on  the  analytic  theories  for  calculating  in  this  time  regime.  It  is  always 
important  whenever  possible  to  check  computer  code  results  against  experiments  and  this  has  been  accomplished  for  this  time  regime 
(O’NEIL,  R.W.,  KLEIMAN,  H.,  and  LOWDER,  J.E.,  1974).  Figure  7 shows  the  experimental  results  for  the  drop  in  peak  power  through 
a slit  aperture  as  a function  of  time.  Plotted  as  a solid  line  is  the  theoretical  prediction. 


Long  Pulse  Regime 

The  computer  code  which  calculates  the  short  pulse  regime  works  here  as  well  since  characteristic  times  are  still  less  titan  wind 
transit  times  and  the  problem  remains  symmetric.  Thus,  Fig.  6 applies  in  this  case  as  well.  Analytic  theory  is  reliable  in  this  time  regime 
only  if  the  distortion  of  the  pulse  in  the  times  up  to  the  sound  transit  time  is  so  small  that  the  beam  is  still  described  by  its  initial  distri- 
bution. Experimental  confirmation  of  the  theory  in  the  long  pulse  regime  has  been  made  as  well.  (KENEMUTH,  J.R.,  HOGGE,  C.B., 
and  AVIZOMS,  P.V.,  1970),  (HAYES,  J.N.,  1972),  (BUSER,  R.G.  and  ROHDE,  R.S.,  1975).  It  is  just  for  those  cases  where  appreciable 
distortion  occurs  during  the  whole  time  regime  up  to  when  asymmetries  set  in  that  the  self  consistent  computer  code  is  needed.  In  addi- 
tion, the  analytic  results  have  been  carried  out  for  simple  beam  shapes  (e.g.,  infmite  gaussians).  More  complicated  (realistic)  shapes  are 
best  studied  with  the  computer  codes. 


Transient  Regime 

When  the  externally  derived  convet  lion  distorts  the  symmetry  of  the  beam  and  in  addition  the  beam  is  evolving  in  time  a full  four- 
dimensional computer  code  must  be  employed.  These  conditions  occur  when  a CW  beam  is  propagated  and  before  the  steady  state  has 
set  in.  It  occurs  also  when  the  CW  beam  is  time  varying  at  the  source  and,  hence,  is  not  truly  CW.  An  important  phenomenon  which 
fails  into  this  category  is  propagation  through  a region  of  still  air  caused  by  wind  shear  or  by  the  cancellation  of  net  relative  air  motion 
by  slewing.  These  “stagnation  zones”  can  have  n profound  effect  on  beam  quality. 

The  four  dimensional  algorithm  uses  the  hydrodynamic  Eqs.  (7-9)  in  the  isobaric  approximation  for  which  the  density  changes 
satisfy 


I 

I 


I 


3pi/3f  -r  (vo + Jlz)  • Vipi  = -(7- l)a/(r,  z,  r)/c,  (37) 

where  SI  is  the  slewing  rate  of  the  laser  beam.  The  solution  tc  Eq.  (37)  is 


PI 


(*Y  ""  1 )Of 

(r,z,r)  5 — I /(r-(vo +nz)(<  t'),z,t')dt' . 

r;  Jo 


(38) 


Four  dimensional  codes  have  been  written  which  solve  Eq.  (37)  directly  by  an  .appropriate  algorithm  (FLECK,  J.A.,  JR.,  MORRIS,  J.R., 
and  FEIT,  M.J.,  1975)  and  which  solve  Eq.  (38)  by  numerical  integration  (ULRICH,  P.B.  and  ULRICH,  J.T.,  1975). 

These  codes  have  been  experimentally  confirmed  in  a laboratory  absorbing  cell.  The  results  are  shown  in  Fig.  8.  (BROWN,  R.T., 
BERGER,  P.J.,  GEBHARDT,  F.G.,  and  SMITH,  D.C.,  1974),  (BERGER,  P.J.,  GEBHARDT,  F.G.,  and  SMITH,  D.C.,  1974),  (BERGER, 
P.J,  GEBHARDT,  F.G.,  ULRICH,  J.T.,  and  ULRICH,  P.B.,  1975.)  The  cell  was  pivoted  to  create  a stagnation  zone  at  various  points 
along  the  beam  path.  Beam  size  and  power  were  such  that  naturai  convection  occurred  on  a time  scale  like  the  characteristic  intensity 
drop-off  time.  Thus,  in  order  to  confirm  the  computer  code,  inclusion  of  an  intensity  dependent  buoyancy  velocity  was  made  necessary. 
(ULRICH,  P.B.  and  ULRICH,  J.T.,  1975.)  Instead  of  Eq.  (38)  the  following  equations  for  the  density  changes  and  induced  velocity 
were  solved. 
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PiC^.y.  0 = f - VBU~t'),z,i')dt' 

c;  Jo 


t + * - f‘  t‘I(x-az(t-t').y  - VB(t-t'),z,t')dt' . 

Onc:  Jn 


Pqc;  Jo 


This  additional  complexity  markedly  increases  the  running  time  of  an  already  lengthy  code.  Happily,  the  characteristic  times  for 
buoyancy  effects  in  the  atmosphere  are  usually  much  longer  than  all  other  characteristic  ttoes  and  this  additional  complexity  can  usually 
be  dispensed  with. 

CW  Regime 

In  the  limit  that  the  time  elapsed  since  the  initiation  of  the  beam  greatly  exceeds  the  transit  time  of  the.wind  across  any  portion  of 
the  beam  a steady  state  condition  is  reached.  Cool  air  is  constantly  added  to  replace  the  heated  air  which  is  driven  from  the  bum  region 
by  the  wind.  Equation  (38)  is  then  converted  into  a relationship  independent  of  time.  Let  t defme  * -(vp  + Slz)(t  - 1').  Then 
Eq.  (38)  becomes 


fii(x.y,z)  = - t{x',y,i)dx' . 

(VO  + Ox)c,  J-oo 


Which  states  that  the  density  change  of  an  air  parcel  is  proportional  to  the  integral  of  the  energy  absorbed  all  along  the  path  it  followed 
through  the  beam. 

This  density  change  is  normally  calculated  by  some  simple  numerical  integration  procedure.  The  C!W  code  results  have  also  been 
compared  with  laboratory  experiments  and  the  results  are  shown  in  Fig.  9 (ULRICH,  P.B.,  HAYES,  J.N.,  and  AITKEN,  A.H.,  1972). 

Multipulae  Transient  R^ime 

If  one  assumes  that  the  laser  irradiance  which  appears  in  Eq.  (38)  is  made  up  of  a series  of  pulses  t '>  short  that  the  blooming  during 
the  pulse  is  negligible,  then  on  the  time  scale  of  wind  transit  times  the  irradiance  can  be  written  as. 


A*.J'.*.0=£)  £„(*,y,r)6(r-t„) 


where  E„  is  the  energy  of  the  nth  pulse  in  the  train.  (WALLACE,  '.,  JR.,  and  LILLY,  J.Q.,  1974.)  Although  E„  does  not  depend  ex- 
plicitly on  t due  to  the  assumption  of  short  pulses,  the  energy  distribution  changes  from  pulse  to  pulse  due  to  the  energy  deposited  by 
previous  pulses.  If  Eq.  (42)  is  substituted  in  Eq.  (38)  one  has 

Pl(r,r,tjv)  = - — ^ni't-{'io  + az){tN-t„),z).  (43) 

n»l 

Thus  the  density  change  at  any  point  is  given  by  the  sum  of  changes  due  to  earlier  pulses  which  have  arrived  at  that  point  at  time  t = tf/. 

Multiple  pulse  propagation  has  some  novel  features.  If  the  time  between  pulses  is  such  that  approximately  one-half  of  each  beam 
passes  through  heated  air  while  the  other  half  passes  through  cool  air  on  the  up-wind  side  then  an  enhancement  of  peak  irradiance  over 
the  vacuum  value  is  seen.  This  is  due  to  refraction  up-wind  by  the  down-wind  half  of  the  beam  which  adds  to  the  undistorted  up-wind 
portion  of  the  beam.  This  phenomenon,  first  predicted  by  J.  Wallace,  Jr.,  has  been  confirmed  by  computer  runs,  see  Fig.  10,  and  also 
by  experiment<tiUSER,  R.,  ROHDE,  R.,  GEBHARDT,  F.G.,  BERGER,  P.J.,  and  SMITH,  D.C.,  1975). 

it  is  not  aivvays  passible  to  choose  parameters  such  that  there  is  no  self-blooming  during  the  individual  pulses.  Correction  for  self- 
blooming can  be  incorporated  in  the  multiple  pulse  code  in  an  approximate  way  which  has  been  confirmed  by  more  detailed  calculations 
(FLECK,  J.A.,  JR.,  MORRIS,  J.R.,  and  FEIT,  M.J.,  1975). 


Multiple  Pulse  Steady  State 

After  the  pulse  train  has  been  on  for  a time  longer  than  the  wind  transit  time,  a steady  state  evolves  for  the  same  reasons  as  given  in 
the  discussion  of  propagation  above.  In  this  case,  £„  in  Eq.  (43)  becomes  independent  of  the  subscript  n except  through  its  argument. 

Pl(r,r)  = - - ^ £(r-(vo +nr)nAf,z)  . (44) 


Thus,  the  densit;  change  in  this  case  is  given  by  the  wind-translated  density  changes  due  to  a series  of  identically  distorted  beams.  This 
steady  state  is  rapidly  calculated  since  the  actual  propagation  from  z to  z + Az  need  only  be  done  once  for  the  wind-shifted  sum  to  be 
performed.  Run  times  are  about  the  same  as  CW  code  run  times.  Comparison  with  transient  multiple  pulse  code  runs  in  the  limit 
of  many  more  pulses  than  the  number  per  wind  transit  time  confirm  that  Eq.  (44)  correctly  calculates  the  asymptotic  state  of  the 
time  dependent  problem. 


'"♦II  mi 
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Sonic  Flow  Problems 

The  sonic  point  where  v ei  c,  is  a singular  point  for  the  linearized  hydrodynamic  equations,  but  due  to  the  motion  of  a weak 
shock  up-wind  from  the  source,  the  sound  speed  in  the  heated  medium  is  raised  above  that  of  the  undisturbed  medium  and  so 
Mach  1 conditions  are  not  reached.  (HAYES,  J.N.,  1974.)  The  steady  state  density  calculations  can  nonetheless  be  obtained  by 
applying  the  linearized  hydrodynamic  equation  with  the  correct  upstream  sound  speed.  This  suggests  that  one  may  obtain  informa- 
tion about  propagation  under  transonic  conditions  by  solving  the  linearized  hydrodynamic  equations  along  the  entire  propagation 
path  (BRADLEY,  L.C.,  1974).  The  amount  of  blooming  seen  due  to  transonic  regions  is  a function  of  where  the  sonic  point  occurs 
along  the  path  but  is  insignificant  except  possibly  for  sonic  translation,  where  the  whole  beam  path  moves  with  v at  (WALLACE, 
J.  and  PASCIAK,  J.,  1975),  (FLECK,  J A,  JR.,  MORRIS,  J.R.,  and  FEIT,  M.J.,  1975.) 


VI.  OTHER  PROPAGATION  PHENOMENA 

A number  of  other  effects  have  been  incorporated  in  the  thermal  blooming  codes.  Some  are  linerj^,  others  nonlinear.  All  have  the 
potential  for  altering  the  thermal  blooming  because  all  affect  the  beam  intensity  upon  which  blooming  depends  so  strongly. 


Turbulence 

A phase  shift  of  the  form 


I'turb(-*.>’)  ~ f Sn(x,y,z)dz  (45) 

■'*11 

is  added  to  the  phase  shift  created  by  the  laser  heating  of  the  atmosphere.  Pturb^-^'T)  >s  calculated  by  a Monte  Carlo  technique  which 
simulates  the  statistical  nature  of  6n  in  a turbulent  atmosphere.  (BRADLEY,  L.C.,  HERRMANN,  J.,  1974),  (BRADLEY,  L.C.,  1975), 
(BROWN,  W.P.,  JR.,  1975),  (FLECK,  J.A.,  MORRIS,  J.R.,  and  FEIT,  M.J.,  1975.)  These  phase  functions  can  be  cither  stationary  or 
made  to  move  with  tlie  wind.  The  results  have  been  determined  to  be  independent,  on  the  average,  of  the  motion  of  the  phase  functions 
(BROWN,  W.P.,  JR.,  1974). 

Aerosols 

Simple  aerosol  scattering  can  be  treated  as  a loss  mechanism  to  be  added  to  the  absorption  coefficient  c ''the  laser  beam.  For  high 
power  propagation,  however,  the  aerosol  will  be  heated  and  conduct  heat  to  the  atmosphere  as  well  as  vaporize,  especially  in  the  case  of 
hydrosols.  The  rate  of  conduction  and  evaporation  is  a function  of  the  size  of  the  particle  so  that  aerosol  distribution  information  is  re- 
quired for  an  accurate  representation  of  these  phenomena.  The  computer  codes  can  most  easily  take  into  account  the  effects  of  the 
heating  of  aerosols  by  means  of  an  intensity-dependent  absorption  coefficient.  Since  the  absorption  coefficient  will  now  be  a function 
of  the  transverse  coordinates  the  form  of  the  partial  differential  equation  will  be  altered  and  new  algorithms  will  have  to  be  employed 
for  its  solution.  This  work  is  presently  under  active  study. 


Multiwavelength  Effects 

Chemical  lasers  typically  emit  on  a number  of  lines  of  different  wavelength.  The  power  in  each  line  is  generally  different  and  the 
atmospheric  abso.-ption  at  each  wavelength  can  be  very  different.  Ideally,  one  needs  a computer  code  capable  of  calculating  the  propa- 
gation of  each  line  and  coupling  the  beams  via  their  mutual  heating  of  the  intervening  atmosphere.  Such  a computer  code  has  been 
created  (BILOW,  H.,  1975),  but  it  is  costly  to  run.  First  results  are  not  forthcoming  at  this  writing.  Other  attempts  have  been  made  to 
model  multiwavelength  propagation.  One  is  to  average  over  many  lines  of  nearly  equal  absorption  (ULRICH,  P.B.,  HANCtXiK,  J.H., 
1974).  Another  uses  an  integral  technique  which  alters  each  amplitude  by  a phase  shift  proportional  to  the  sum  of  tlie  contribu- 
tions of  each  line  (BULLOCK,  D.L.,  1 974).  When  the  initial  distribution  of  each  line  is  identical  only  one  line  need  be  propagated.  T.he 
heating  is  derived  from  a sum  of  intensities  derived  from  this  line  and  made  proportional  to  the  power  of  each  line  reduced  by  the  appro- 
priate absorption  coefficient  (HOGGE,  C.B.,  1975.) 


Mirror  Induced  Degradations 

These  alterations  of  the  beam  are  both  static  and  time  dependent 


Static  Effects 

Mirror  heating,  poor  machining  and  spillover  of  the  beam  lead  to  nondiffraction  limited  propagation.  These  effects  are  often 
crudely  accounted  for  by  a change  in  wavelength  which  enlarges  the  computed  focal  spot.  Wavelength  appears  in  the  nonlinear  portion 
of  the  propagation  equation,  however,  so  that  this  technique  alters  the  physics  of  the  thermal  blooming  as  well.  (PHILLIPS,  E.A., 

1975.)  A more  satisfying  way  to  account  for  nondiffraction  limited  behavior  is  to  actually  impart  the  beam  with  random  phase  at  the 
input  plane.  The  choice  of  scale  and  corre  ation  of  the  phase  changes  is  determined  by  the  desired  intensity  drop  at  focus  through  the 
Strehl  relation  (HOGGE,  C.B.,  and  BURLAKOFF,  M.,  1973). 

The  effect  of  mirror  spillover  can  b?  .odeled  by  sharply  truncating  the  beam  at  the  desired  transverse  mesh  node.  This  result  gives 
excellent  results  in  the  focal  plane  (see  section  HI,  above,  and  Figs.  4 and  5).  However,  as  the  plane  of  observation  moves  back  towards 
the  aperture  the  agreement  is  less  good.  A measure  of  tins  agreement  is  the  ability  of  the  computer  codes  to  calculate  the  on-axis  inten- 
sity. Figure  1 1 indicates  how  the  code  coverges  to  the  correct  answer  near  the  focus  in  spite  of  its  inability  to  calculate  well  at  all  nearer 
the  input  plane.  This  must  have  repercussions  on  the  ability  of  the  codes  to  calculate  thermal  blooming  with  truncated  beams  since  the 

.. 
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Dynamic  Effects 

An  effect  which  is  currently  under  study  is  the  phenomenon  of  mirror  jitter.  The  motion  of  the  mirror,  while  absolutely  small,  can 
impart  sizable  beam  motions  at  long  ranges  which  could  effect  thermal  blooming  since  the  air  particles  are  heated  less  than  full  time  as 
the  beam  moves  about 

Medium  inhomogeneities  in  the  laser  cavity  or  the  evolution  of  a cascade  of  lasing  lines  in  a chemical  laser  impart  a complicated 
time  dependence  to  the  output  of  the  laser.  The  effects  of  these  phenomena  have  not  been  studied  theoretically.  The  full  four- 
dimensional  computer  code  will  be  used  for  these  studies. 


VII.  CONCLUSION 

This  paper  has  presented  a review  of  the  numerical  approaches  taken  to  solve  a variety  of  nonlinear  problems  in  atmospheric  propa- 
gation. The  fleld  is  a young  one  but  has  enjoyed  a rapid  maturity.  Very  sophisticated  techniques  have  been  brought  to  bear  on  these 
complex  problems  and  many  successes  have  been  realized.  The  techniques  developed  in  the  numerical  solution  of  the  thermal  blooming 
problem  will  no  doubt  have  application  in  other  areas  of  nonlinear  optics.  Furthermore,  extension  can  be  made  to  other  problems  such 
as  sound  propagation  and  electromagnetic  propagation  at  other  wavelengths. 


REFERENCES 

AITKEN,  A.H.,  HAYES,  J.N.,  and  ULRICH,  P.b.,  1971,  “Propagation  of  10.6p  Laser  Beams  in  a Non-turbulent  Atmosphere,”/.  Opt. 
5oc.  Am.  61, 674  (1971). 

AITKEN,  A.H.,  HAYES,  J.N.,  and  ULRICH,  P.B.,  1973,  “Theniial  Blooming  of  Pulsed  Focussed  Gaussian  Laser  Beams,”  Appl.  Opt.  12, 

193(1973). 

AVIZONIS,  P.V.,  HOGGE,  C.B.,  BUTTS,  R.R.  and  KENEMUTH,  J.R.,  1972,  “Geometric  Optics  of  Thermal  Blooming  in  Gases,  Part  I,” 
App4  Opr.  11,554(1972). 

BERGER,  P.J.,  GEBHARDT,  F.G.,  and  SMITH,  D.C.,  1974,  “Tn  ’.tmal  Blooming  due  to  a Stagnation  Zone  in  a Slewed  Beam,”  United 
Aircraft  Research  Laboratories  Report  N921724-12,  Of'  ' vi  15,  1974. 

BERGER,  P.J.,  GEBHARDT,  F.G.,  ULRICH,  J.T.,  and  ULRICH,  P.U.,  1975,  “Transient  Blooming  of  a Slewed  Beam  Containing  a 
Stagnation  Zone,”  to  be  published. 

BILOW,  H.,  1975,  Naval  Surface  Weapons  Center,  SiWer  Spring,  Maryland  20910,  Private  Communication. 

BISSONNETTE,  L.R.,  1973,“Thermally  Induced  Nonlinear  Propagation  of  a Laser  Beam  in  an  Absorbing  Fluid  Medium,”  AppL  Opt. 

12,  719(1973). 

BRADLL  Y,  L.C.,  and  HERRMANN,  J,,  1971,  “Numerical  Calculation  of  Light  Propagation  in  a Nonlinear  Medium,”  J.  Opt.  Soc.  Am. 
61,668(1971). 

BRADLEY,  L.C.,  1974,  “Thennal  Blooming  in  the  Transonic  Regime,”  MIT  Lincoln  Laboratory  Report  LTP-24,  30  January,  1974. 

BRADLEY,  L.C.,  and  HERRMANN,  J.,  1974,  “Notes  on  the  Lincoln  Laboratory  CW  Propagation  Code,”  unpublished. 

BRADLEY,  L.C.,  1975,  “Simulation  of  Atmospheric  Index  Fluctuations,”  to  be  published. 

BREAUX,  H.J.,  1974,  “An  Analysis  of  Mathematical  Transformations  and  a Compaiiscn  of  Numerical  Techniques  for  Computation  of 
High  Energy  CW  Laser  Propagation  in  an  Inhomogeneous  Medium,”  Army  Bajistic  Research  Laboratories  Report  1723,  June  1 974. 

BROWN,  R.T.,  BERGER,  P.J.,  GEBHARDT,  F.G.,  and  SMITH,  D.C.,  1974,  “Influence  of  Dead  Zones  ario  Transonic  Slewing  on  Thermal 
Blooming,”  United  Aircraft  Research  Laboratories  Report  N92 1724-7,  February,  1974. 

BROWN,  W.P.,  JR.,  1975,  “High  Energy  Laser  Propagation,”  Hughes  Research  Laboratories  Report,  February  1975. 

BULL(X7K,  D.L.,  1974,  TRW  Systems  Group,  One  Space  Park,  Redondo  Beach,  California  90278,  Private  Communication. 

BUSER,  R.G.,  and  ROHDE,  R.S.,  1975,  “Transient  Thermal  Blooming  of  Long  Laser  Pulses,"  AppL  Opt.  14,  50  (1 975). 

BUSER,  R.G.,  ROHDE,  R.S.,  GEBHARDT,  F.G.,  BERGER,  P.J.,  and  SMITH,  D.C.,  1975,  “Experimental  Study  of  Thermal  Blooming 
of  a Repetitively  Pulsed  Laser,”  to  be  published. 

COCHRAN,  W.T.,  et  aL,  1967,  “What  is  the  Fast  Fourier  Transform?”  G-AE  Subcommittee  on  Measurement  Concepts  IEEE  Transac- 
tions on  Audio  and  Electronics  Vol  AU-15, 411,  June  1967,  p.  45. 

CXJRDRAY,  D.M.,  1975,  Optical  Sciences  Division,  Naval  Research  Laboratory,  Washington,  D.C.  20375,  Private  Communication. 

COURANT,  R.,  and  HILBERT,  D.,  1962,  “Methods  of  Mathematical  Physics;  Vol  II,  Partial  Differential  Equations,”  Interscience 
Publishers,  New  York,  London,  1962. 

CRANK,  J.,  and  NICOLSON,  P.,  1947,  “A  Practical  Method  for  Numerical  Evaluation  of  Solutions  of  Partial  Differential  Equations  of 
the  Heat-Conduction  Type,”  Cnmb.  Phil  Soc.  Proc.  43,  50  (1947). 

DOUGLAS,  J.,  JR.,  1955,  “On  the  Numerical  Integration  of  = du/3r  by  Implicit  Metliods,” /,  Soc. /ndusf.  dpp4 

Math.  3,42(1955). 

DOUGLAS,  J.,  J R.,  and  RACHFORD,  H.H.,  JR.,  1 956,  “On  the  Numerical  Solution  of  Heat  Conduction  Problems  in  Two  and  Three 
Space  Variables,”  Trans.  Amer.  Math  Soc.  82, 421  (1956). 

DOUGLAS,  J.,  JR.,  and  DUPONT,  T.,  1971,  “Alternating  Direction  Galerkin  Methods  on  Rectangles,”  Symposium  on  Numerical 
Solution  of  Partial  Differential  Equations,  Ed.  B.  Hubbard,  Academic  Pren,  N.  Y.,  1 97 1 . 

FLECK,  J.A.,  JR.,  MORRIS,  J.R.,  and  FEIT,  M.  J.,  1975,  “Time-Dependent  Propagation  of  High  Energy  Laser  Beams  Through  the 
Atmosphere,”  Lawrence  Livermore  Laboratory  Report  UCRL-SI826  (Draft),  May  20, 1975. 


FORSYTHE,  G.E.,  and  WASOW,  W.R.,  1967,  “Finite-Difference  Methods  for  Partial  Differential  Equations,”  John  Wiley  and  Sons,  New 
York,  London,  Sydney. 

FRIED,  D.L.,  1974,  “Absence  of  Thermal  Blooming  for  a Uniformly  illuminated  Square-Aperture  High  Power  Laser  Transmitter,"  AppL 
Opt.  13,989(1974). 

GEBHARDT,  F.G.,  and  SMITH,  D.C.,  1971,  “Self-Induced  Thermal  Distortion  in  the  Near  Field  for  a Laser  Beam  in  a Moving  Medium,” 
lEEEJ,  Quantum  Electronics  QE-7, 63  (1971). 

GEBHARDT,  F.G.,  and  SMITH,  D.C.,  1 972,  “Effects  of  Diffraction  on  the  Self-Induced  Thermal  Distortion  of  a Laser  Beam  in  a Cross- 
wind,"  Appf  Opt.  11,244(1972). 

GODUNOV,  S.K.,  and  RYABENKI,  V.S.,  1964,  “Theory  of  Difference  Schemes,”  North-Holland  Publishing  Company,  Amsterdam. 

GREVILLE,  T.N.E.,  1969,  “Theory  and  Applications  of  Spline  Functions,”  Academic  Press,  New  York  and  London,  1969. 

HARMUTH,  H.F.,  1957,  “On  the  Solution  of  the  Schroedinger  and  the  Klein-Gordon  Equations  by  Digital  Computers,”  J.  of  Math,  and 
Phyis.  36,  269  (1957). 

HAYES,  J.N.,  1972,  “Thermal  Blooming  of  Laser  Beams  in  Fluids,”  AppL  Opt.  11, 455  (1972). 

HAYES,  J.N.,  ULRICH,  P.B.,  and  AITKEN,  A.H.,  1972,  “Effects  of  the  Atmosphere  on  the  Propagation  of  10.6p  Laser  Beams,”  AppL 
Opt.  11,257(1972). 

HAYES,  J.N.,  1974,  “Thermal  Blooming  of  Rapidly  Slewed  Laser  Beams,"  AppL  Opt.  13, 2072  (1974). 

HERRMANN,  J.,  and  BRADLEY,  L.C.,  1971,  “Numerical  Calculation  of  Light  Propagation,”  MIT  Lincoln  Laboratory  Report  LTP-1 0, 
12  July  1971. 

HOGGE,  C.B.,  1971 , Air  Force  Weapons  Lab.,  Kirtland  AFB,  Albuquerque,  N.M.,  Private  Communication. 

HOGGE,  C.B.,  1975,  “A  Comparison  of  Several  High  Energy  Laser  with  Emphasis  on  the  Propagation  Aspects,”  Air  Force 

Weapons  Laboratory  Report  AFWL-TR-75-140,  p.  46,  May  1975. 

HOGGE,  C.B.,  and  BURLAKOFF,  M.,  1973,  ‘Thermal  Blooming  of  Nondiffraction  Limited  Beams,”  Air  Force  Weapons  Laboratory 
Report  AFWL-TR-73-77. 

HOGGE,  C.B.,  BUTTS,  R.R.  and  BURLAKOFF,  M.,  1974,  “Characteristics  of  Phase  - Aberrated  Nondiffraction-Limited 
Laser  Beams”,  Appl.  Opt.  13,  1065  (1974) 

JACKSON,  J.D.,  1962,  “Classical  Electrodynamics,”  John  Wiley  and  Sons,  N.Y.,  London. 

KELLEY,  P.L.,  1965,  “Self  Focusting  of  Optical  Beams,”  P/rys.  Rev.  Z,e/fe«  15,  10'.)5,  (1965). 

KENEMUTH,  J.R.,  HOGGE,  C.B.,  and  BUTTS,  R.R.,  1970,  ‘Thermal  Bloomuig  of  a 10.6m  Laser  Beam  in  CO2 Appl.  Phys.  Lett.  17, 
220(1970). 

KOGELNIK,  H.,  and  LI,  T.,  1966,  “Laser  Beams  and  Resonators,”  Proc.  IEEE  54, 1312  (1966). 

LIVINGSTON,  P.M.,  1971,  “Thermally  Induced  Modirications  of  a High  Power  CW  Laser  Beam,”  Appl.  Opt.  10,  426  (1971). 

LUTOMIRSKI,  R.,  1974,  Pacific-Sierra  Research  Corporation,  1456  Cloverfield  Blvd.,  Santa  Monica,  California  90404,  Private 
Corrununication. 


LYNCH,  P.J.,  and  BULLOCK,  D.L.,  1974,  “An  Integral-Equation  Formulation  of  Thermal  Blooming,"  to  be  published. 

O’NEIL,  R.W.,  KLEIMAN,  H.,  and  LOWDER,  J.E.,  1974,  “Observation  of  Hydrodynamic  Effects  on  Thermal  Blooming,”  Appl.  Phys. 
Lett.  24,  118(1974). 

ORTEGA,  J.M.,  1972,  “Numerical  Analysis,”  Academic  Press,  New  York  and  London. 

PEACEMAN,  D.W.,  and  ROCHFORD,  H.H.,  JR.,  1955,  “The  Numerical  Solution  of  Parabolic  and  Elliptic  Differential  Equations,” 

/ Soc.  Indust.  AppL  Math  3,  28  (1955). 

PHILLII^,  E.A.,  1975,  Avco-Everett  Research  Laboratory,  Everett,  Massachusetts  02149,  Private  Communication. 

RANGNEKAR,  S.S.,  1971,  “Hydrodynamic  Effects  on  the  Laser  Beam  Propagation  Through  Gases,”  Canad.  J.  of  Phys.  49, 1994  (1971). 

RICHTMYER,  R.D.,  and  MORTON,  KW.,  1967,  “Difference  Methods  for  Initial-Valve  Problems,”  2nd  Edition,  Interscience  Publishers, 
New  York,  London,  Sydney. 

ULRICH,  P.B.,  1971,  “A  Numerical  Calculation  of  Thermal  Blooming  of  Pulsed,  Focused  Laser  Beams,”  Naval  Research  Laboratory 
Report  7382,  December  30,  1971. 

ULRICH,  P.B.,  1972,  “A  Wave  Optics  Calculation  of  Puised  Laser  Propagation  in  Gases,”  Naval  Research  Laboratory  Report  7413, 

June  7, 1972. 

ULRICH,  P.B.,  HAYES,  J.N.,  and  AITKEN,  A.H.,  1972,  “Comparison  of  a Wave-Optics  Computer  Model  with  Nonlinear  Laser- 
Propagation  Experiments,”/.  Opt.  Soc.  Am.  62, 298 (1972). 

ULRICH,  P.B.,  and  WALLACE,  J.,  JR,,  1973,  “Propagation  Characteristics  of  Collimated  Pulsed  Laser  Beams  Through  an  Absorbing 
Atmosphere,”  /.  Opt.  Soc.  Amer.  63,  8 (1973). 

ULRICH,  P.B.,  1974,  “PROP-I:  An  Efficient  Implicit  Algorithm  for  Calculating  Nonlinear  Scalar  Wave  Propagation  in  the  Fresnel 
Approximation,”  Naval  Research  Laboratory  Report  7706,  May  29, 1974. 

ULRICH,  P.B.,  HANCCXK,  J.H.,  and  HAYES,  J.N.,  1 974,  “Simultaneous  Two-Wavelength  CW  Laser  Propagation,”  /.  Opt.  Soc.  Amer. 
64,  549(1974). 

ULRICH,  P.B.,  HAYES,  J.N.,  HANCOCK,  J.H.,  and  ULRICH,  J.T.,  1 974,  “Documentation  of  Prop-E,  a Computer  Program  for  the 
Propagation  of  High  Power  Laser  Beams  Through  Absorbing  Media,”  Naval  Research  Laboratory  Report  7681,  May  29, 1 974. 

ULRICH,  P.B.,  and  ULRICH,  J.T.,  1975,  “Computer  Study  of  Thermal  Blooming  with  Free  and  Forced  Convection,”  to  be  published. 

VARGA,  R.S.,  1961 , “On  Higher  Order  Stable  Implicit  Methods  for  Solving  Parabolic  Partial  Differential  Equations,”  /.  of  Math,  and 
Phys.  40, 220  (1961). 


Aifi&’ntMiikiiniiiii 


gh- 


WALLACE,  i.,  and  CAMAC,  M.,  1970,  '‘Effects  of  Absorption  at  10.6m  on  Laser  Beam  Tranamisiion," Opt.  Soc.  Am,  60, 1 587 
(1970). 

WALLACE,  J.,  JR.,  and  LILLY,  J.Q.,  1974,  “Thermal  Blooming  of  Repetitively  I^llaed  Laser  Beams,’’/.  Opt.  Soc.  Am.  64, 1651  (1974), 
WALLACE,  J.,  and  PASCIAK,  J.,  1975,  “Thermal  Blooming  of  a Tapidly  Moving  Laser  Beam,”  to  be  published. 

WOLFE,  W.L.,  1965,  “Handbook  of  Military  Infrared  Technology,”  U.S.  Government  Printing  Offtcr,  Washington,  D.C.  20402. 


31-13 


m + 1 


m-  I 


+ 2 


Fig.  1-A  tchenutic  repieaentition  of  the  compuutloiul  me«h.  The  intenectioiu  ere  called  nodes  and  are 
repieaented  by  a triple  of  niunbera  (k,  t,  m).  The  y-  or  fi-dhnention  is  not  shown  In  the  figure  for  eaae  of 
presentation.  This  figure  shows  an  explicit  algorithm  (cf.  Eq.  (17))  which  hat  data  at  nodes  on  z-planes  at 
ffl  and  m-i  roiitributing  to  the  solution  at  the  plane  m + 1.  The  contribution  (tom  nodes  adjacent  to 
(k,  i,  m)  ia  due  to  the  use  of  a centrai-difference  approximation  to  the  second  derivative  in  x . The  y -dimenaion 
counterpart  ia  similar. 
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Fig.  2-Similar  to  Fig.  1 except  that  this  represMits  schematically  the  Crank-Nicolson  stable  implicit  method  (cf. 
Eq.  (19)).  It  requires  knowledge  of  the  dependent  wiable  at  the  plane  to  which  the  solution  la  proceeding.  Thua, 
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Fl|.  6-Plot  of  pubc  flu«n>'«  vt  t,  where  t,  it  the  time  for  the  central  intenilty  if  the  beam  to  drop  to  zero  due  to 
thermal  blooming.  The  lolid  black  Unei  are  an  analytic  calculation  for  CO2  laaer,  die  daihed  linet  are  an  analytic  calcu- 
lation for  a DF  laaer.  The  circle  and  trlanglea  are  the  corretponding  caiei  calculated  by  full  nonlinear  computer  codes. 
Both  short  pulse  regime  (t,  < and  long  time  regime  {t,  > tn,E,atf)  are  shown. 


Theor 


t + T + 


Fig.  7-The  drop  in  power  through  a slit  aperture  due  to  blooming.  The  aperture  was  located  over  the  peak  of  the 
focal  distribution.  The  theoretical  prediction  for  this  case  has  been  plotted  for  t < O.Stu. 
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STAGNATION  ZONE  STUDY 


TIME,  sec 


Fl|.  8-Comptilson  of  thaoty  and  experiment  for  CW  propagation  with  a atagnation  zone  at  position  Z,,  between  aperture 
and  focal  plane.  The  irradiance  relative  to  the  initial  value  is  plotted  vs  time  for  three  different  combinations  of  slew  rate 
and  Z,.  The  convection  was  included  in  the  code  work  to  achieve  closer  agreement  with  the  experiment. 
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Fig.  9— Comparison  of  theory  and  experiment  for  a CW  beam  propagating  in  a steady  wind.  The  Irradiance  relative  to  the  vacuum 
value  is  plotted  vs  a distortion  number  which  it  proportional  to  beam  power.  The  open  circles,  triangles  and  croaiet  ate  three 
different  experiments.  The  black  circles  are  the  computer  results.  The  solid  line  is  a geometrical  optics  calculation. 
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Fig.  10-Plot  of  tvtttgt  p««k  inttniity  relative  to  vacuum  vs  the  repetition  rate  of  a multiple  pulse  laser.  At  low  PRF  the  beams  are  decoupled 
and  vacuum  propagation  obtains.  At  high  PRF  the  value  approaches  the  CW  result.  At  intermediate  values  the  phenomenon  of  enitancement  is 
seen  as  discussed  in  the  text. 


Fig.  1 1— Notmellxed  on-ixis  intensity  vs  range  for  a truncated  Gaussian  beam.  The  solid  line  is  the  exact  Fresnel  integral  result.  The  circles  are  values 
computed  with  an  ADI  algorithm  using  a Galerkln  method  with  linear  splines  for  the  transverse  discretization.  Agreement  is  seen  to  grow  poorer  as 
one  moves  back  towards  the  laser  aperture  from  the  focal  plane. 
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ABSTRACT 


Thla  papar  preaanta  tha  raaultn  of  a aerlaa  of  axparimanta  on  laaar  Inducad  air  braakdwon  at  10.6 
and  1,06  pn.  Thraahold  Intenaltlaa  for  braakdown  wara  detatmlned  for  clean  air,  aaroaols,  and  alngla  par- 
Iclaa.  Tha  claan  air  thraahold  waa  found  to  be  In  good  agreament  with  mlcrowava  breakdown  theory.  The 
praaance  of  aeroaol  partlclaa  waa  found  to  lower  the  thraahold  by  an  amount  which  dapandad  mainly  on  par- 
ticle alia  and  laaar  pulae  length.  Only  a alight  material  dependence  waa  found  with  the  one  exception  of 
water  partlclea  which  had  tha  leaat  effect  on  thraahold.  The  particle  Induced  threaholda  were  found  to 
acale  aa  X~2  for  100  naac  pulae  lengtha.  The  dynamlca  of  the  particle  Initiated  threaholda  were  atudled. 

For  Intenaltlaa  allghtly  above  thraahold  the  plaama  grew  within  the  beam  aa  an  axlayaanetrlc  volume  aurround- 
Ing  the  particle.  At  higher  Intenaltlaa  the  plaama  formed  aa  a highly  abaorblng  thin  disk  which  grew 
radially  and  propagated  back  towards  the  laser. 


1.  INTRODUCTION 

It  haa  been  eatabllahed  experimentally  (Lenclonl,  D.  E.,  et.  al.,  1971;  Harquet,  L.  C.,  et.  al., 

1972;  Lenclonl,  D.  E.,  1973;  Lowder,  J.  E.,  and  Klelman,  H.,  1973;  Schller,  R.  E.,  et.  al.,  1973;  Lenclonl 
D.  E.,  and  Lowder,  J.  E.,  1974;  Lenclonl,  D.  E.,  1974;  Smith,  D,  C.,  and  Brown,  R.  T.,  1975;  Bonl,  A.  A., 
and  Meakan,  D.  A.,  1975)  that  the  threahold  for  laser  Induced  breakdown  In  air  can  be  lowered  substantially 
by  the  presence  of  mlcroticoplc  dust  particles.  This  fact  has  been  used  (Lenclonl,  D.  E.  , 1973;  Canavan,  G.  H, 
and  Nielsen,  P,  E.,  1973;  Bunkln,  F.  V.,  and  Savranakil,  V.  V.,  1974)  to  explain  discrepancies  between 
theoretical  predictions  (Canavan,  G.  H.,  et.  al.,  1972;  Kroll,  N.,  and  Watson,  W.  A.,  1972)  and  early  ex- 
perimental results,  (Smith,  D.  C.,  1971)  such  as  the  observation  that  the  threshold  continues 
to  decrease  with  Increasing  laser  spot  size  even  when  electron  diffusion  is  negligible.  This  paper  describes 
the  experimental  work  done  at  Lincoln  Laboratory  over  the  past  several  years  which  was  directed  towards 
understanding  atmospheric  breakdown  and  In  particular,  the  effects  of  dust  particles  on  the  breakdown 
process . 


2.  AEROSOL  AND  CLEAN  AIR  EXPERIMENTS 


An  example  of  the  phenomenon  to  be  discussed  is  shown  In  Fig.  1.  This  Is  an  open  shutter  photograph 
of  breakdown  In  air  containing  a large  concentration  of  carbon  dust.  The  laser  beam  la  Incident  from  the 
left  and  brought  to  a focus  )uat  above  the  lens  mous^.  As  can  be  seen,  several  discrete  breakdowns  have 
occurred  in  the  region  of  focus.  Note  also  that  particles  within  the  beam  have  been  heated  to  Incandescence 
but  did  not  trigger  breakdowns.  At  higher  Intensities  than  In  the  case  shown  here,  a string  of  discrete 
breakdowns  la  formed  from  near  the  focus  and  extends  back  towards  the  laser.  These  breakdowns  are  initiated 
by  particles  at  intensities  well  below  Che  clean  air  breakdown  threshold.  The  same  effects  can  occur  under 
normal  laboratory  dust  conditions  especially  for  large  beam  sizes. 

Detailed  measurements  were  made  of  the  breakdown  threshold  as  a function  focal  spot  size  (Lenclonl, 

D.  E.,  1973)  In  a chamber  which  provided  a variable  atmosphere  from  dusty  to  highly  filtered  clean  air.  The 
density  and  size  distributions  of  aerosol  particles  were  monitored  with  a light  scattering  particle  counter 
(Royco  Model  225)  and  a 256-channel  pulse  height  analyzer  (Northern  Model  NS-633) . Particle  diameters  in 
the  range  1 - 12  vun  could  be  measured  In  this  way. 

Different  focal  spot  sizes  were  obtained  by  using  different  focal  length  optics.  Prior  to  each 
threshold  measurement  the  beam  profile  was  measured  at  focus.  The  laser  power  was  monitored  on  each  spot. 

The  thresholds  quoted  here  correspond  to  the  peak  Intensity  at  focus  for  which  breakdown  occurred  on  50Z  of 
the  shots.  The  pulse  lengths  are  the  full  width  at  half  maximum.  For  highly  filtered  clean  air  (essentially 
no  particles  larger  than  0.1  um)  the  threshold  was  found  to  approach  an  asymptotic  value  at  large  spot  sizes. 
The  data  for  10.6  pim,  125  nsec  laser  pulses  are  shown  by  the  squares  In  Fig.  2.  The  solid  curve  In  the 
figure  Is  from  the  microwave  breakdown  theory  of  Kroll  & Watson.  The  data  agree  quite  well  with  the  theory 
and  show  the  effect  of  electron  diffusion  at  small  spot  sizes. 

When  dust  particles  were  present  In  the  chamber,  the  threshold  continued  to  decrease  with  Increasing 
spot  size  to  values  well  below  the  theoretical  minimum  for  clean  air.  These  data  are  also  shown  In  Fig.  2. 

It  was  found  that  the  threahold  for  any  given  spot  "l-.e  or  aerosol  condition  was  determined  by  the  size  of 
the  largest  particle  present  in  the  focal  volume.  The  largest  particle  for  each  condition  was  determined 
from  the  measured  particle  distribution  and  focal  volume.  Three  such  measurements  are  Indicated  In  Fig.  2. 

The  decrease  In  threshold  with  Increasing  spot  size  can  be  accounted  for  (Lenclonl,  D,  E,,  1973; 
Canavan,  G.  H.,  and  Nielsen,  P.  E. , 197Al  '.encioni,  0.  E.,  1974)  from  the  fact  t^at  statistically  the  size 
of  the  largest  particle-  In  the  focal  volume  Is  increased  by  either  Increasing  th^  focal  volume  or  dust 
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concsntrbC'ion.  This  hypothesis  was  verified  by  single  particle  experinents , which  will  be  described  below, 
In  which  one  particle  of  known  size  was  placed  in  the  focal  volume  of  the  beam.  It  was  found  that,  for  a 
given  particle  size,  the  threshold  was  Independent  of  spot  size  and  depended  only  on  particle  size. 

Thresholds  were  obtained  for  a variety  of  dust  particle  materials  and  sizes.  These  data  are  sum- 
marized In  Fig.  3 for  10.6  ^m  - 125  nsec  laser  pulses.  It  can  be  seen  that  particles  with  diameters  less 
than  a .5  pm  did  not  significantly  lower  the  threshold  below  the  clean  air  value  (3  x 10®  W/cm^) . Also, 
with  the  exception  of  H2O  particles,  there  la  only  a slight  material  dependence  If  any.  Note  that  these 
data  Include  materials  which  are  optically  thin  at  10.6  ym  (NaCl,  Ge) . 


Similar  measurements  were  made  with  1.06  ym,  100  nsec  laser  pulses  (T.enclonl,  D.  E.,  1974).  The 
threshold  In  clean  air  was  found  to  scale  very  closely  as  with  an  asympotlc  value  at  large  spots 
-3  X lO^H^/cm^.  This  Indicates  that  cascade  Ionization  Is  a dominant  breakdown  mechanism,  even  at  1.06  ym. 
The  thresholds  for  particle  Initiated  breakdowns  were  measured  as  In  the  xO.6  ym  case.  Here  also  It  was 
found  that  the  threshold  lowering  was  greater  for  larger  size  particles.  These  data  are  shown  In  Fig.  4 
for  a carbon  aerosol.  The  data  points  show  the  threshold  for  three  particle  sizes.  The  dashed  curve 
shows  10^  times  the  corresponding  10.6  ym  results.  A comparison  of  the  1.06  and  10.6  ym  data  give  an 
approximate  X~^  scaling  for  particle  Initiated  breakdowns  for  pulse  It  .;,ths  100  - 125  nsec. 


The  thresholds  for  particle  Initiated  breakdowns  were  also  found  uo  depend  on  laser  pulse  length 
(Lowder,  J.  E.,  Klelman,  H.,  1973;  Lenclonl,  D.  E.,  1972;  Schller,  R.  E.,  et.  al.,  1973).  Data  taken  with 
10.6  ym  lasers' having  different  pulse  lengths  are  summarized  In  Fig.  5.  Thxs  figure  shr-  a the  threshold 
for  10.6  ym  laser  beams  In  air  as  a function  of  pulse  length  and  particle  size.  The  curves  are  an  empirical 
correlation  of  the  data  according  to  particle  size.  As  was  mentioned  above  the  thresholds  are  fairly  In- 
sensitive to  particle  material  with  Che  exception  of  distilled  H2O  for  which  the  correlation  shown  In  this 
figure  would  not  apply.  The  solid  circles  are  for  glass  fibers,  (Lenclonl,  D.  E.,  1973;  Lowder,  J.  E.,  and 
Klelman,  H.,  1973)  which  behave  as  very  large  particles.  As  can  be  seen,  for  long  pulse  lengths  and  large 
particles  the  threshold  can  be  reduced  to  - 10”^,  the  clean  air  value. 


It  Is  not  clear  whether  a similar  correlation  can  be  made  for  the  1.06  ym  data.  The  measurements 
at  100  nsec  do  scale  approximately  as  X~^;  however,  the  wavelength  scaling  at  longer  pulse  lengths  has  not 
yet  been  determined. 


3.  SINGLE  PARTICLE  EXPERIMENTS 


The  details  of  the  laser  particle  Interaction  were  Investigated  (Lenclonl,  D.  E.,  Pettlnglll,  L.  C., 
1972)  using  the  experimental  setup  shown  In  Fig.  6.  The  beam  from  a 5J  per  pulse  Feberton  CO2  laser  was 
focused  with  spherical  mirrors.  Three  focal  spot  sizes  were  used  with  e~^  diameters:  4,  1 and  0.55  mm.  A 
50  ym  carbon  particle  was  dropped  into  the  focal  volume  from  an  activated  dispenser  through  a hypodermic 
needle.  When  the  particle  was  at  a preselected  position  In  the  beam,  HeNe  laser  light  was  scattered  through 
the  microscope  system  Into  a photomultiplier  tube  and  Initiated  the  experimental  triggering  sequence.  The 
position  of  Che  particle  was  observed  from  a back  lighted  micrograph  obtained  by  firing  the  nanollgh.;.  With 
this  technique  particles  could  be  positioned  consistently  to  within  t 25  ym. 

An  Image  converter  camera,  with  exposure  times  down  to  10  nsec,  was  used  Co  obtain  time  resolved 
Information  on  Che  growth  of  the  breakdown  In  the  beam.  The  transmitted  beam  was  re-lmaged  and  isagnlfled 
at  a pair  of  photon  drag  detectors  to  obtain  the  radial  and  temporal  dependence  of  the  transmitted  beam. 

Figure  7 shows  a back  lighted  micrograph  of  a 50  ym  Carbon  particle  taken  6 ysec  after  being  hit  by 
the  laser  beam  Incident  from  the  left.  This  show's  what  happens  to  s particle  at  below  threshold  Intensity. 

The  laser  beam  heats  one  side  of  the  particle  to  Incandescence.  The  resulting  vaporization  causes  the 

particle  to  jet  (Lenclonl,  D.  E.,  and  Lowder,  o'.  E.,  1974),  From  the  measured  velocity  It  was  determined 
that  the  particle  motion  during  the  pulse  was  % 1 ym  which  had  negligible  effect  on  the  threshold  measurer- 
ments.  The  breakdown  threshold  was  determined  at  three  spot  sizes  for  a given  size  particle  In  the  beam. 

The  results  are  shown  In  Fig.  8 for  50  ym  carbon  particles  and  10.6  ym,  150  nsec  laser  pulses.  As  can  be 
seen  the  threshold  Is  Independent  of  spot  size. 

The  breakdown  was  observed  to  start  at  the  position  of  the  particle  and  grow  to  fill  the  beam  at  a 
finite  rate.  Figure  9 shows  a series  of  Image  converter  frames  which  llluatrate  the  growth  of  a breakdown 
at  near  threshold  Intensity.  The  two  Intensities  listed  at  the  top  of  the  figure  denote  the  average  and 
peak  Intensities  during  the  frame  sequence.  The  dashed  white  lines  mark  the  e~^  diameter  of  the  beam  which 
was  1 mm.  The  laser  is  Incident  from  the  left.  The  four  frames  were  taken  on  separate  shots  at  the  Indi- 
cated exposure  times  relative  to  the  start  of  the  pulse.  The  breakdown  Initiates  at  near  the  peak  laser 

Intensity  and  grows  radially  and  axially  as  a volume  absorbing  plasma.  Measurements  of  the  transmitted 
Intensity  Indicated  an  absorption  depth  of  “ .5  lan. 

At  higher  laser  Intensities  the  character  of  the  breakdown  growth  changed  abruptly.  This  la  shown 
In  Fig.  10  whpve  the  Intensity  was  a factor  of  - 5 above  threshold.  In  these  frames  the  white  dot  Indicates 
the  position  of  the  particle.  Note  that  at  this  higher  Intensity  the  breakdown  develops  as  a thin  absorbing 
disk  which  propagates  back  towards  the  laser  and  grows  radially.  This  Is  a characteristic  of  the  laser 
supported  detonation  (LSD)  wave  described  by  Ralzer  (Ralzer,  Y.  P.,  1965).  The  measurements  of  transmission 
for  this  case  showed  that  no  radiation  was  transmitted  through  the  thin  plasma  disk. 

The  radial  and  axial  velocities  obtained  from  data  of  this  type  are  shown  In  Fig.  11  as  a function 
of  Intensity.  At  lower  Intensities  the  velocities  Increase  rapidly  with  Intensity,  At  higher  Intensities 
the  axial  velocity  varies  roughly  as  I^'’  In  agreement  with  planar  LSD  wave  theory. 
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4.  CONCLUSIONS 


The  priBsry  conclusions  to  be  drawn  from  this  work  are; 

1.  Laser  Induced  breakdown  thresholds  In  clean  air  are  in  good  agreement  with  microwave 
breakdown  theory  for  wavelengths  down  to  ^ 1 pn* 

2.  Dust  particles  within  the  beam  can  lower  the  threshold  substantially  below  the  clean  air 
value . 

3.  The  threshold  lowering  Is  fairly  insensitive  to  the  particle  materials  studied  with  the 
exception  of  distilled  HjO  which  has  the  least  effect. 

4.  The  threshold  decreases  with  Increasing  particle  slae. 

5.  For  10.6  ym  the  threshrld  decreases  with  Increasing  pulse  length  for  large  particles. 

6.  For  pulse  lengths  » 100  nsec  the  particle  induced  threshold  scales  as  X~".  The  scaling 
for  longer  pulse  lengths  has  not  been  established. 

7.  At  near  threshold  Intensities  the  plasma  grows  within  the  beam  as  an  axlsynmetrlc  volume 
surrounding  the  particle  and  at  higher  Intensities  It  grows  as  a radially  expanding  LSD 
wave. 

The  implications  of  these  results  for  atmospheric  propagation  of  high  power  laser  beams  are  two- 
fold. First,  normal  atmospheric  dust  condltons  can  reduce  the  threshold  to  well  below  the  clean  air  limit. 
The  exact  reduction  will  depend  primarily  on  the  dlstrlbutlny.i  of  particle  sites  within  the  beam  and  the 
laser  pulse  length.  Secondly,  the  finite  radial  growth  rate  of  the  particle  Initiated  breakdowns  allows 
the  propagation  of  energy  up  to  some  cutoff  tlaM.  It  Is  easy  to  show  that  the  beam  attenuation  Is  dominated 
by  breakdowns  within  Che  depth  of  focus.  The  cutoff  time  Is  Chen 

- [L  N(I)irv^  (I)]'^^^  (30-1) 

where  L Is  the  depth  of  focus,  n Is  Che  density  of  particles  which  Ignite  breakdowns  at  Intensity  I and  v,. 

Is  the  radial  growth  rate  at  Intensity  I.  As  an  example  consider  Che  propagation  of  a 10.6  pm  beam  with  a 
10  m depth  of  focus -at  Intensity  10^  V/car.  From  Figs.  5 and  11  particles  larger  Chan  6 pm  will  ignite 
breakdowns  at  this  InteaslCy  which  grow  at  4 x 10^  cm/sec.  If  the  distribution  of  aerosol  particles  Is 
taken  to  be  dn/dD  “ 10~31  (cm~^)  then  • 360  nsec.  For  pulse  lengths  much  shorter  than  this  there 

will  be  little  effect  on  the  transmitted  energy  because  the  breakdowns  have  not  had  time  to  grow. 
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Fig.2  Breakdown  threshold  venus  spot  size  for  10.6  #im,  125  nsec  laser  pulses  in  clean  air  (squares)  and  two 
conditions  of  carbon  dust  (circles  and  triangles).  The  largest  particle  present  in  the  focal  volume 
is  indicated  for  three  points.  The  solid  theory  curve  is  from  Kroll  and  Watson 
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Fig.3  Breakdown  thresholds  versus  particle  size  for  various  materials  with  10.6  /im,  125  nsec  pulses 
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Fig.4  Threshold  in  carbon  aerosol  as  a function  of  particle  size  for  1.06  pm,  100  nsec  laser  pulses. 
Dashed  curve  is  10*  times  threshold  for  10.6  pm  lasers 
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Fig.  5 Particle  induced  breakdown  thresholds  for  10.6  pm  laser  pulses  in  air  as  a function  of  pulse  time  and 
particle  size.  The  curves  are  an  empirical  correlation  of  the  data  according  to  particle  size. 

The  experimental  thresholds  are  fairly  insensitive  to  particle  material  with  the  exception  of  distilled 
HjO  which  was  found  to  have  a higher  thre^old.  Solid  circles  are  for  glass  fibers 
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Fig.7  Back  lighted  micrograph  of  a 50  /am  carbon  particle  taken  6 /xsec  after  being  hit  by  a laser  pulse 
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Fig.  10  Breakdown  dynamics  at  five  times  threshold  intensity 
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ABSTRACT 


In  thla  paper  thermal  blooming  o£  focuaed  alngle  and  multiple  pulaa  laaera  la  conaldered.  Experimental 
procedurea  are  deacrlbed  to  characterize  Che  reduction  In  far  field  Irradlance  obaerved  for  pulaea  whoae 
duration  la  comparable  to  and  ahorter  than  Tu,  an  acoustic  transit  time  acroaa  a focal  radius.  ExperlMnCal 
measurements  of  short  pulse  blooming  (t  < are  compared  with  a scalar  wave  theoretical  computer  model 
embodying  the  medium  hydrodynamics.  Agreement  with  the  short  pulse  theory  la  generally  good.  An  experiment 
was  designed  to  test  the  quantitative  predictive  capability  of  a steady  state  multiple  pulse  computer  code. 
Blooming  of  a multiple  pulse  beam  was  measured  as  a function  of  absorbed  energy  and  spatial  overlap  of  suc- 
cessive pulses.  With  no  adjustable  parameters  agreestent  between  the  actual  measurements  and  those  predicted 
by  theory  Is  very  good. 

1.  INTRODUCTION 


In  this  paper  we  consider  laboratory  scale  propagation  of  high  peak  power  pulsed  lasers  through  an 
absorptive  atmosphere.  Thermal  blooming  - Che  reduction  of  Irradlance  In  the  far  field  resulting  from  the 
refractive  effects  In  Che  laser  heated  medium  - la  the  limiting  mechanism  being  addressed.  As  indicated  In 
the  preceding  paper,  breakdown  Is  the  other  primary  limitation  to  pulse  propagation. 

Experimental  procedures  are  described  to  characterize  the  far  field  Irradlance  or  energy  density  dis- 
tribution of  pulsed  lasers  with  and  without  an  Intervening  absorptive  atmosphere.  Experimental  data  are 
compared  with  appropriate  theoretical  models  to  demonstrate  present  understanding  of  pulse  blooming.  Three 
series  of  experiments  will  be  described.  Summaries  of  the  first  two  with  appropriate  references  have  been 
published  (Kleiman,  H.,  and  O'Neil,  R.  W.,  1973;  O'Neil,  R.  W.,  Klelman,  H.,  and  Lowdsr,  J.  E.,  1974);  only 
material  Illustrative  of  the  development  of  our  understanding  of  efficient  pulse  propagation  and  Its  measure- 
ment will  be  presented  from  these  sources. 

The  first  experiment,  performed  at  1.06  um,  explored  thermal  blooming  of  pulses  whose  duration  spanned 
the  time  required  to  reach  pressure  equilibrium  across  Che  laser  beam.  A many  times  diffraction  limited  Nd  - 
glass  laser  beam  vas  used  to  obtain  data  to  compare  with  geometric  elkonal  models  for  propagation.  In  the 
limits  before  pressure  equilibrium  Is  established  along  the  propagation  path  (short  pulse  regime)  and  after 
pressure  equilibration  Is  substantially  complete  (long  pulse  regime)  the  primary  parametric  dependencies  were 
verified.  To  test  our  theoretical  understanding  of  short  pulse  blooming  a high  energy  10,6  pm  laser  was 
propagated  In  a geometry  designed  to  produce  significant  blooming  In  times  short  compared  a hydrodynamic 
time  T|],  the  acoustic  transit  time  across  the  smallest  beam  dimension.  When  the  observed  behavior  was  com- 
pared with  theoretical  predictions  of  a computer  model  embodying  the  hydrodynamics  of  the  medium,  the  agree- 
ment was  quite  good. 

In  Che  most  recent  experimental  study  we  considered  a train  of  Identical  short  10.6  pm  pulses  propagating 
through  au  absorbing  medium  In  a controllable  crosswind.  The  experimental  geometry  was  designed  using  the 
short  pulse  theory  Co  eliminate  significant  single  pulse  blooming.  Multiple  pulse  blooming  results  when 
successive  pulses  overlap  spatially.  In  the  steady  state  limit  the  measured  blooming  was  In  excellent  agree- 
ment with  quantitative  predictions  of  a multiple  pulse  computer  code  constructed  for  this  regime  of  multiple 
pulse  propagation. 

2.  TEMPORAL  REGIMES  OF  PULSED  BLOOMING 


Early  In  the  1970 's  large  scale  CO2/N2  electric  discharge  lasers  (EDL)  operating  at  10.6  pm  demonstrated 
high  pulse  energies  (>  IKJ)  and  good  beau  quality  (Daugherty,  J.  D.,  Pugh,  E.  R.,  and  Douglas-Hamllton,  D.  H. , 
1972;  Fenstermacher , C,  A.,  Nutter,  M.  J.,  Leland,  W.  T.,  and  Boyer,  K.,  1972).  Prior  to  that  time,  the 
lasers  with  highest  available  pulse  energy  were  the  large  solid  state  oscillator  amplifier  chains  operating 
at  1.06  pm  (Young,  C.  G.,  Kantorskl,  J.  W.,  and  Dixon,  E.  0.,  1966).  The  first  blooming  experiments  designed 
to  oxsmlne  pulse  phenomenology  were  performed  at  1.06  pm  with  such  a system.  A temporarily  smooth  variable 
pulse  length  (3-100  psec) , variable  pulse  energy  (20-100  J) , many  times  diffraction  limited  (-50X)  laser  was 
focused  through  one  meter  absorption  cell  containing  6 atmospheres  of  gaseous  ammonia,  a convenient  absorber 
at  1.06  pm.  Thermal  blooming  was  observed  over  a range  of  pulse  lengths  that  spanned  pressure  equilibration 
time  across  the  laser  beam.  For  times  larger,  than  T]],  geometric  (elkonal)  models  for  blooming  predict  a 
growth  of  the  focal  spot  that  depends  linearly  on  the  absorbed  energy  as  Indicated  In  Equation  1.  When  the 
pulse  length  tp  < Ty  the  growth  Is  reduced  by  (tp/T{])^  as  Indicated  In  Equation  2. 
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Hare  AS  la  the  growth  In  focal  radlua,  S , n la  the  Index  of  retraction  of  the  blooming  madlum,  a,  the  linear 
abaorptlon  coefficient  (cm~^) , P,  the  later  power  at  time  t,  Z,  the  propagation  dlatance,  p,  the  medium 
denalty.  Cp,  the  apacltlc  heat  at  mean  temperature  T,  a,  the  aperture  radlua,  and  C,  the  aound  velocity. 

Figure  1 la  a plot  of  the  peak  un  axle  Irxadlance  aa  a function  of  normallaed  pulae  time  for  four  conatant 
enaray  pulaaa  having  four  different  pulae  tlmeat  0.3t  1,  2,  and  10  Tg.  The  baalc  prediction  tor  long  puleea 
(tp  ^ Tg)  la  verified  In  that  the  final  Irradtanca  la  the  name  tor  the  aame  abaorbed  energy.  Aa  the  pulae 
time  approachea  Tg  the  magnitude  of  the  Integrated  on-axla  energy  depoaltad  at  the  end  of  the  pulae  Increaaea. 
At  tp  < Tg  the  final  Irradlance  la  algnlflcantly  higher  which  la  conalntent  with  the  (tp/Tg)^  dependency 
axpresaad  in  Equation  2.  Thla  abrupt  tranaltlon  reeulta  from  tha  Inertia  of  the  medium'^ that  cauaea  a time 
lag  In  the  development  of  tha  praaaura  equilibrated  Index  of  retraction. 


To  meaaure  the  thermal  blooming  of  a focuaad  pulae  almultaneoua  meaauramanta  ahould  be  made  of  tha 
bloomed  and  unbloomed  Irradlance  dlatrlbutlone . In  the  mlcroaecond  and  ahortar  time  raglmaa  dlacrete  de- 
tectora  feeding  parallel  Input  data  channola  are  uaually  required  for  adequate  temporal  reaolutlon.  If  the 
focal  dlatrlbutlon  falla  smoothly  and  monotonlcally  from  a central  peak,  la  spatially  Invariant  shot-to-ahot 
and  the  redistribution  In  focal  Irradlance  Is  ayammtrlc,  spatial  reaolutlon  requirements  on  the  detector 
array  can  be  relaxed. 
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since  these  conditions  applied  in  this  experiment,  a carefully  registered  10  element  photodiode  array 
with  five  elements  In  e~I  focal  diameter  was  adequate  for  the  desired  measurements.  Location  of  the  array 
along  the  x or  y axes  was  facilitated  using  photography.  Blooated  and  unbloomed  distributions  at  each 
energy  and  pulse  tine  could  be  obtained  on  separate  firings,  the  unbloomed  distribution  being  obtained  with 
non-absorbing  gas  In  the  cell.  Data  in  Figure  1 is  a sj^nthesls  of  a set  of  peak  on  axis  irradlance  measure- 
ments . 


3.  BEAM  DIAGNOSTICS  FOR  10.6  un  BLOOMIMG  EXPEKIMEHTS 

Performing  an  experiment  at  1.06  ym  was  relatlvaly  straightforward.  Unfortunately,  very  little  of  the 
well  developed  high  Irradlance  diagnostic  technology  or  equipment  could  be  used  at  the  longer  COj  wavelengths . 
A 10  ym  laser  diagnostic  approach  was  developed  ualng  coarse  transmission  gratings  for  high  Irradlance  beam 
splitters  and  attenuators  (O'Hell,  R.  W.,  Klelman,  H.,  Marquet,  L.  C.,  Kllcllne,  C.  W,,  and  Northam,  D.,  1974). 
Figure  2 Is  a typical  diagnostic  configuration  now  commonly  used  with  high  energy  pulsed  10.6  ym  lasers.  In 
this  Illustration  a high  geometric  transmittance  (Tq  ■ 90  percent)  linear  grating  la  used  to  sample  a high 
energy  pulse.  The  poak  irradlance  of  the  primary  bean  (aero  order)  la  attentuated  to  81  percent  ([T(;]2)  of 
the  unsampled  Incident  bean,  but  Is  otherwise  unperturbed.  Energy,  power,  and  focal  distribution  diagnostics 
are  performed  in  several  of  the  numerous  low  Irradlance  diffraction  orders.  With  proper  sampling,  many  of 
the  monochromatic  paraxial  orders  have  a spatial  distribution  directly  comparable  to  that  of  the  unsampled 
beam. 


Using  this  basic  diagnostic  approach,  it  was  found  that  a large  scale  (IKJ)  EDL's  were  capable  of  near 
diffraction  limited  performance  when  they  were  operated  with  high  out-coupled  unstable  resonator  cavities. 

In  Contrast  to  the  many  tines  (~S0X)  diffraction  limited  glass  laser  mentioned  above,  with  Its  smooth  Gaus- 
sian distributed  focal  distribution,  the  near  diffraction  limited  EDL  focal  distribution  Is  noticeably 
structured,  typically  non-symmetrlc  and  has  significant  energy  in  the  side  lobes  of  the  diffraction  pattern. 
To  avoid  laser  breakdown  In  the  laboratory  air,  a highly  probable  occurance  at  10.6  ym  when  the  power  Is 
above  10^  W/cm^  and  the  pulse  length  Is  > 1 ysec,  long  propagation  paths  (typically  > 25m)  are  necessary  to 
bring  these  lasers  to  focus.  In  early  technology  lasers,  little  concern  was  given  to  stable  platforms. 
Consequently,  the  location  of  the  focal  distribution  tended  to  move  several  millimeters  between  shots  and 
the  focal  distribution  could  change  measurably  during  a set  of  measurements.  To  take  these  unavoidable 
background  factors  into  account,  a single  shot  measurement  approach  was  adopted  that  virtually  eliminates 
beam  Jitter  in  one  direction  and  reduces  It  to  ± a half  resolution  element  In  the  other.  A series  of  slit 
apertures  are  placed  In  a number  of  grating  orders  so  that  they  are  effectively  contiguous  across  an  appro- 
priately normalised  composite  focal  distribution.  At  small  sacrifice  of  useful  spatial  Information  this 
technique  virtually  eliminates  beam  Jitter  effects  and  the  parallel  Input  provides  a complete  beam  measure- 
ment for  each  laser  firing. 

Figure  3 Is  a schematic  representation  of  this  approach  applied  to  a low  resolution  measurement  of 
E(x) , the  one-dlmenslonal  energy  distribution  in  the  unbloomed  focal  spot  of  1 KJ  EDL  developed  by  AVCO 
Everett  Research  Laboratory,  Everett,  Massachusetts,  USA,  (AERL) . Linear  apertures  (2  x 0.2  cm)  were 
placed  in  the  negative  grating  orders  using  a visible  laser  alignment  technique.  Placement  uncertainty  was 
< ± 0.05  cm.  Total  energy  In  the  scan  format  In  each  order  was  measured  In  the  symmetric  positive  orders 
with  2 Cm  square  aperture  pulse  calorimeters.  After  corrections  are  applied  for  grating  geometry  effecta 
the  fractions. of  tha  total  energy  in  each  order  passing  through  Its  respective  scanning  aperture  are  dlacrete 
points  of  the  one  dimensional  energy  dlatrlbutlon.  Figure  4 Is  a plot  of  the  normalised  fractional  energies 
measured  on  5 consecutive  firings  of  the  AERL  laser.  The  solid  curves  are  calculated  slit  scans  of  a dif- 
fraction limited  focal  spot  (0*1)  and  one  whose  linear  dimension  has  been  scaled  upward  a factor  of  2 (0-2) . 
Generally,  tha  beam  quality  is  batter  than  1.5  ualng  this  criterion. 

4.  COMPARISON  OF  THEORY  AMP  EXPERIMEMTs  SHORT  PULSE  BLOOMIMG  (tp  < t„) 

Several  Investigators  have  developed  theoretical  models  for  short  pulse  blooming  (Hayes,  J.  N.,  1972; 
Maher,  W.  E.,  1972;  Altken,  A.  H.,  Hayes,  J.  N.,  and  Ulrich,  P.  B.,  1973;  and  Bradley,  L.  C.,  and  Herrmann, 
J.i  1973).  To  determine  the  predictive  capability  of  the  computer  model  developed  by  Bradley  and  Herrmann 
of  Lincoln  Laboratory,  an  experiment  was  designed  to  measure  blooming  for  t.  T„.  The  measurement  tech- 
niques described  above  were  used  with  the  Lincoln  Laboratory  500  J EDL  as  Illustrated  In  Figure  5.  An  un- 
blooned  focal  distribution  Is  obtained  using  a linear  sampling  grating  that  separates  tha  diagnostic  side 
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ordara  fron  cha  main  baam  bafora  any  blooming  occura,  Kara  an  anargy  dlatrlbutlon  measurement  Is  adequate 
In  the  absence  of  blooming-  Heasuremant  of  the  bloomed  baam  cannot  be  made  directly  becauae  the  power  den- 
sity la  too  high.  The  bloomed  focal  distribution  was  Imaged  through  a non-absorbing  rptlcal  path  and  sampled 
with  a second  grating  located  appropriately  In  the  ra-lmaglng  path.  Maaaureinent  of  the  Instantaneous  power 
dlatrlbutlon  was  accomplished  with  parallel  silt  scan  geometry  similar  to  that  described  above  (S  x 0.1  cm 
aparturaa) . Tima  resolved  meaauremants  were  made  with  photon  drag  detectors  modified  for  5 cm  aperture 
operation. 

Figure  6 llluatratae  a typical  measurement  of  the  peak  power  density  of  a bloomed  pulse  as  a function 
of  time.  The  theoretically  predicted  power  density  measurements  are  plotted  as  a solid  line  for  t„  < O.S  Ty. 
Included  In  the  error  bars  are  the  affects  of  alignment  uncertainty.  It  can  be  aaan  that  the  theoretical 
modal  eiid>odylng  the  short  pulaa  hydrodynamics  describes  the  observed  phenomena  quite  well.  In  this  experi- 
ment designed  to  produce  a largo  amount  of  blooming  It  can  be  seen  that  the  far  field  irradlance  falls  very 
rapidly  once  It  begins.  This  la  a general  characteristic  of  short  pulse  blooming.  Exactly  when  the  blooming 
begins  Is  primarily  a function  of  beam  geometry  as  It  relates  to  the  hydrodynnmlc  time.  To  achieve  short 
pulse  blooming  on  a laboratory  acalOt  the  focal  spot  diameter  was  as  small  as  possible  (-  Q.3  cm)  and  the 
peak  focal  Irradlance  was  Increased  to  very  near  the  clean  air  breakdown  limit  (-.  10^  V/awr)  . (Propagation 
at  Irradlance  levels  greater  than  ~ 10^  W/cm^  was  made  possible  by  removing  all  particulates  > 0.3  ym  fron 
the  gaseous  medium.)  Vfhen  the  beneficial  effects  of  medium  Inertia  are  used  to  advantage,  l.e.,  a beam 
geometry  Is  chosen  to  maximise  Ty,  single  energetic  pulses  can  be  propagated  with  very  little  Irradlance 
loss. 


5.  COMPARISON  OF  EXPERIMENT  WITH  THEORY;  MULTIPLE  PULSE  BLOOMING 


Given  the  theoretical  understanding  of  single  pulae  blooming  a next  logical  step  is  to  examine  the 
propagation  of  a train  of  non-blooming  pulses.  Several  Investigators  have  developed  theoretical  models  for 
multiple  pulae  (Wallace,  J.,  and  Lilly,  J.  Q.,  1974$  Bradley,  L.  C.  and  Herrmann,  J.,  1974;  Ulrich,  P,  B,, 
1974) , Wallace  and  Lilly  have  described  a computer  model  that  treats  each  pulse  individually  and  should  be 
generally  valid  for  long  and  short  pulses.  For  reasons  of  economy,  other  Investigators  have  developed  similar 
but  more  rastr^ted  codaa  that  yield  substantially  the  same  results  In  the  steady  state  limit.  In  this  sec- 
tion an  experiment  la  described  that  was  designed  to  test  the  limits  and  accuracy  of  the  steady  state  code 
of  Bradley  uud  Herrmann  of  Lincoln  Laboratory. 

The  ateedy  state  multiple  pulse  code  considers  a train  of  Identical  laser  pulses  propagating  through 
an  atmosphere  with  specified  absorption  properties.  The  redistribution  of  irradlance  In  the  nth  pulse  In  any 
plane  along  the  path  Is  calculated  by  propagating  a non-blooming  pulse  through  the  Index  of  refraction  dla- 
trlbutlon left  behind  by  the  preceedlnc  pulses  that  overlap  Its  path.  Steady  state  Is  defined  when  Indepen- 
dent calculations  of  the  phase  disturbance  and  beam  Irradlance  along  the  beam  become  self-consistent.  The 
maximum  value  of  the  phase  distortion  la  proportional  to 
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Here  E_  la  the  pulse  energy,  X,  Is  the  wavelength,  a^.  Is  the  dimension  of  the  bean  aperture  In  Che  wind 
direction,  v,  Is  the  laser  repetition  rate,  V^,  Is  the  transverse  beam  velocity,  and  other  symbols  are  de- 
fined as  In  Equations  1 and  2.  Nq  Is  called  the  overlap  number  since  No  ■ 5 Indicates  five  laser  pulses 
occur  within  one  flow  time  across  the  laser  aperture.  Np  Is  a measure  of  the  strength  of  medium  distortion 
caused  by  a single  pulse.  The  experiment  has  been  designed  to  vary  a,  E.  and  Nq,  Independently  at  constant 
Z.  Bach  of  these  parameters  have  been  varied  In  the  computer  code  to  define  an  experimental  parameter 
space,  'short  pulse  calculations  were  performed  to  insure  that  peak  energy  losses  due  to  single  pulse  bloom- 
ing were  less  chan  5 percent.  Because  each  pulse  does  not  bloom  during  Its  own  pulse  time,  time  resolved 
measurements  are  not  needed  and  the  blooming  can  be  characterised  by  an  energy  distribution  measurement. 

Each  pulse  In  the  train  Is  measured  since  the  number  of  pulses  required  to  reach  steady  state  is  not  ex- 
plicit In  the  code  calculations.  In  practice  steady  state  is  reached  2 to  3 pulses  after  the  nominal  over- 
lap number.  The  following  conditions  were  established  in  the  experiment; 

1.  Negligible  single  pulse  blooming 

2.  Uniform  crosswind 

3.  Maximum  peak  Irradlance  Io(s)<  10^  W/cm^,  a > o. 

4.  Negligible  convection  or  conduction 

5.  Broadband  absorption 

6.  Negligible  cell  effects  (acoustics,  turbulence) 

7.  Low  Fresnel  Number,  (Nj.  <10) 

8.  Characterisation  of  blooming  by  energy  redistribution  In  a focal  plane 
beyond  absorption  cell. 

The  last  item  requires  some  explanation.  To  avoid  prohibitive  single  pulse  blooming  with  a laboratory  scale 
laser  It  was  necessary  to  remove  the  depth  of  focus  from  the  absorbing  medium.  Measurements  were  made  In  the 
focal  plane  and  compared  to  calculations  of  the  exact  experimental  conditions. 

Figure  7 Is  a schematic  of  the  multipulse  thermal  blooming  experiment.  The  10.6  pm  multiple  pulse 
laser  used  In  the  experiments  Is  a 1.6  liter  EDL  developed  by  AERL.  For  these  experiments  the  laser  was 
adjusted  to  have  a pulse  length  of  - 5 psec  (to  prevent  single  pulse  blooming) , providing  a pulse  energy  of 
S - 10  J In  a nominal  2 x 4 cm  aperture.  A summary  of  its  characteristics  la  presented  In  Table  I. 
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TABLE  I 

MEASURED  FABAMETERS;  AERL  MULTIPCE  PULSE  EDL 
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1.  Energy /Pulse,  E^ 

2.  Pulse  tQ  Pulse 
Energy  Varlatlsn  A E^ 

3.  Laser  Keplcion  Rate,  v 
Variation  In  V 

4.  Pulse  Length,  t^ 

5.  Beam  Quality,  6 


< 7 J 

- ± 10  percent 

1 - 200  Hz 
~ 1 percent 

~ 6 psec 

<1.2 
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6.  Pulse  to  Pulse  percent 

Variation  In  0 

7.  Aperture  x 1.65  x 3.4  cm 

8.  Pointing  Stability 

1)  Translation  ^ - 3™® 

2)  Angular  - 150  prad 


s 


Pulse  repetition  rates  were  adjuntable  from  1 to  > 200  pulses  per  second.  The  laser  aperture  was  generated 
by  a novel  off-axis  unstable  resonator  developed  by  AERL  to  provide  a good  quality,  reasonably  uniform  out-  , 

put  Irradlance  distribution  without  the  central  obscuration  of  the  more  familiar  on-axls  unstable  resonator  . 

(Phillips,  E.  A.,  and  Reilly,  J.  P.,  1974).  The  beam  leaving  the  laser  was  Immediately  passed  through  a j 

2:1  focusing  beam  expander  to  bring  a converging  beam  to  the  entrance  of  the  cell  comparable  in  size  to  that 
leaving  the  laser.  Beam  scrapers  were  placed  after  the  beam  expander  to  define  a rectangular  beam  with  j 

well-defined  truncation.  At  the  relatively  low  average  power  level  of  this  laser,  a salt  beam-splitter  j 

could  be  used  to  saaiple  Che  laser  beam  before  it  enters  the  absorption  cell.  The  absorption  medium  is  con-  J 

fined  in  an  evacuabls  458  cm  long  cell  50  cm  in  diameter  closed  b'  25  cm  aperture  fast  acting  mechanical  5 

shutters  (FAV) . Ti  beam  focuses  638  cm  after  entering  the  cell  a second  section  filled  with  particulate  | 

ffae  nitrogen  — a non— absorbing  gas  at  10.6  microns.  This  featu..e  ^..events  single  pulse  blooming  in  the  rf 

depth  of  focus  and  reduces  the  probability  of  dirty  sir  breakdown  to  a negligible  level  when  peak  Irradlance  s 

levels  exceed  i07  W/cm2.  Well  mixed  nitrogen  and  < 2 percent  propane  are  used  in  the  absorbing  section  as  • 

a convenient  nonsaturable  absorbing  medium.  Mixed  in  nitrogen  commercially  obtained  propane  has  a 10.6 
micion  absorption  of  about  10"^  cm-1  torr“l.  jhe  exact  cell  transmittance  Is  measured  directly  during  the 
experiment . 

To  examine  the  propagation  characteristics  of  a train  of  focused,  partially  overlapping,  laser  pulses 
us  a function  of  overlap,  a uniform  reproducible  wind  or  oeam  motion  across  the  cell,  was  required.  To 
maintain  precise  control  over  the  effective  wind  velocity,  the  laser  beam  was  moved  through  a stationary  gas 
by  translating  a precision  corner  reflector  at  constant  velocity.  As  Is  Illustrated  schematically  In  Figure  8, 

Che  Incident  beam  and  corner  reflector  position  are  appropriate  to  the  first  In  a train  of  short  ('^  5 psec) 
pulses.  During  an  Interpulse  time  (10-25  ms)  the  reflector  moving  at  velocity  V , has  moved  to  a new  posi- 
tion where  the  next  pulse  In  the  train  Is  depicted  by  dashed  lines.  The  overlapping  volume  Is  Illustrated 
by  the  cross-hatched  region.  If  there  Is  no  spatial  overlap  of  consecutive  pulses  there  Is  no  blooming. 

The  extent  of  blooming  increases  with  No,  the  number  of  pulses  overlapping  at  Che  cell  entrance.  Typical 
No's  In  the  experiment  ranged  between  1 and  10.  To  prevent  convection  from  Influencing  the  measurements 
Nq/v  was  < 0.2  sec.  Typical  v's  varied  between  20  and  100  Hz,  and  beam  velocities  were  adjustable  from  5 
to  75  cm/sec. 

To  measure  the  focal  distribution  of  each  pulse  In  Che  moving  multiple  pulse  beam,  the  basic  re-lmaglng 
described  above  was  used  In  a moving  mirror  imaging  system  designed  to  remove  the  effect  of  beam  motion  In 
the  measurement  plane.  The  unit  magnification  Image  position  of  a moving  focal  point  Is  spatially  Invariant 
If  the  Imaging  mirror  moves  in  the  direction  of  travel  at  exactly  half  the  beam  velocity.  Since  a moving 
corner  reflector  translates  a beam  twice  Its  own  velocity,  spatial  Invariance  of  the  bloomed  focal  distribu- 
tion la  achieved  by  driving  both  corner  reflector  and  Imaging  mirror  at  exactly  the  same  velocity.  Beam 
motion  due  to  the  optical  train  external  to  the  laser  was  less  than  ± 0.1  cm  (1  80  yrad)  at  the  detector 
plane . 


Bloomed  beam  diagnostics  were  perforuwu  In  the  diffraction  orders  of  a 90  percent  linear  grating. 

Five  diagnostic  orders  are  used  to  measure  the  energy  transmitted  through  the  cell,  gross  energy  redistribu- 
tion and  beam  motion  via  burn  patterns,  power  as  a function  of  time,  and  the  x and  y one-dlmenslonal  energy 
distribution  In  the  bloomed  focal  spot.  The  latter  measurement  la  made  with  a multipulse  pyro-electrlc 
calorimeter  array  with  64,  0.1  x 1.5  cm  elements.  Figure  9 Is  a schematic  of  the  unbloomed  focal  distribu- 
tion super-imposed  on  the  array  geometry.  The  array  Is  capable  of  1 KHz  operation.  A 32  element  array  of 
Identical  design  measures  the  unbloomed  focal  distribution  of  each  pulse  using  the  reflection  from  the  salt 
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wedge.  Input  energy  and  burn  patterns  are  also  measured  In  the  Input  beam  to  provide  cell  transmittance 
and  beam  motion  data.  In  separate  array  measurements  the  Irradlance  distribution  was  measured  at  the  cell 
entrance.  All  data  were  available  for  real  time  observation  and  were  tape  recorded  for  computer  processing. 


To  compare  experimental  data  with  computer  code  calculations  the  beam  geometry  and  Input  aperture  dis- 
tribution must  be  properly  represented  In  the  calculations.  In  Figure  10  the  dotted  line  Is  the  one-dlmen- 
slonal  array  scan  of  the  Input  beam  distribution  at  the  cell  entrance,  In  the  wind  direction.  Generally, 
this  distribution  was  reproducible  pulse-to-pulse  and  run-to-run.  The  solid  line  Is  a truncated  Gaussian 
distribution  fitted  to  the  measured  beam  half  width.  Truncation  In  X and  Y was  determined  from  the  measured 
zero's  of  the  unbloomed  far  field  diffraction  pattern  (x^,  y^) . The  dotted  line  in  Figure  11  Is  a plot  of 
E(x)  measured  at  focus  by  the  64  element  array  [E(x)  ••  1 E,,  ^ E(x,y)dy].  The  solid  curve  Is 

the  code  prediction  using  the  Gaussian  approximation  assuming  diffraction  limited  propagation.  Use  of  a 
more  detailed  amplitude  distribution  produced  results  not  measurably  different  from  the  approximate  distri- 
bution used  for  theory  - experiment  comparisons.  In  Figures  12a  and  12b,  the  calculated  (solid)  and  measured 
(dotted)  one-dlmenslonal  energy  distributions , have  been  plotted  for  a single  pulse  after  steady  state  for 
No  • (a)  2.41  and  (b)  4.88  when  Np  • 45.  Typically,  the  differences  between  theory  and  experiment  are  com- 
parable to  experimental  uncertainty  In  a single  measurement. 


To  address  a comprehensive  comparison  of  experlntent  with  theory,  measurements  were  made  of  the  energy 
redistribution  over  a range  of  absorption  coefficients  corresponding  to  cell  transmlttances  of  83  to  47  per- 
cent, pulse  energies  of  6 to  7 joules,  and  overlap  conditions  of  Nq  • 2.35,  4.75,  and  9.5  pulses  per  aperture- 
clearlng-time . Complete  bloomed  and  unbloomed  focal  distributions  were  measured  for  each  pulse.  To  charac- 
terize the  blooming  with  a single  number  the  peal',  energy  on  a single  1x15  sm  array  element  was  chosen.  To 
reduce  experimental  scatter  resulting  from  variations  In  pulse  energy  and/or  beam  quality  the  peak  focal 
energy  measured  In  Che  bloomed  pulse  wao  normalized  to  the  peak  measured  In  the  unbloomed  beam.  Overall 
system  response  was  determined  from  empty  cell  conditions.  To  define  blooming  for  a given  condition, 
typically  3 pulses  In  each  train  were  measured  after  steady  state  and  averaged.  At  least  two  experiments 
under  the  same  conditions  were  always  performed.  Using  this  procedure  successive  measurements  differed  by 
less  than  5 percent. 


During  the  data  reduction  process  a source  of  beam  motion  originating  at  the  laser  was  Identified 
that  modified  the  nominal  overlap  number  during  the  measurement  period.  This  motion  superimposed  a small 
(~  3 cm/sec)  velocity  perturbation  on  the  otherwise  constant  velocity  crosswlhd  during  the  measurement 
time.  If  we  take  this  beam  Jitter  effect  Into  account  In  presenting  data,  the  theoretical  predictions 
appear  as  bands  Indicative  of  a range  In  overlap  numbers.  In  Figure  13  the  peak  energy  normalized  to  un- 
bloomed conditions,  Fpi^/FQ  has  been  platted  as  a function  of  Np.  Experimental  points  are  plotted  with 
maximum  absolute  error  bars  on  the  measured  quantities.  Although  bean  Jitter  effects  are  significant  at 
high  overlap  numbers  In  this  small  scale  experiment,  the  blooming  measured  Is  generally  in  good  quantitative 
agreement  with  the  theoretical  predictions. 


6.  CONCLUSIONS 


In  the  three  experiments  described  above  a logical  progression  Is  Illustrated  In  the  understanding 
of  thermal  blooming  limitations  on  pulsed  laser  propagation.  As  pulsed  laser  devices  were  developed  arpro- 
prlate  propagation  models  were  constructed.  Experiments  were  designed  to  test  these  models  on  a laboratory 
scale.  In  the  earliest  glass  laser  experiments  gross  parametric  dependencies  were  verified:  In  the  most 

recent  multiple  pulse  experiments  the  quantitative  predictive  accuracy  of  a well  developed  computer  code  was 
determined.  This  paper  demonstrates  good  understanding  of  pulsed  thermal  bloumlng  phenomenology  In  several 
key  areas. 

ACKNOWLEDGMENTS 


In  the  most  recent  multiple  pulse  propagation  experiments  we  must  acknowledge  the  contributions  of 
D.  H.  Dickey,,  and  L.  C.  Fettlnglll,  of  Lincoln  Laboratory,  to  the  ouccess  of  the  experimental  hardware,  of 
L.  Corey,  and  M.  6.  Chelfetz,  of  Aeronutronlc  Ford  for  their  excellent  programming,  and  of  S.  Lowder  of  AEBL 
for  his  outstanding  help  during  the  experiments.  We  also  thank  D.  E.  Lenclonl,  J E.  Lowder,  L.  C,  Bradley, 
and  J.  Herrmann  for  their  many  suggestions  and  especially  thank  S.  Edelberg  for  his  direction  of  the  pulsed 
laser  measurements  progra  at  Lincoln  Laboratory.  This  work  Is  supported  by  the  Advanced  Research  Projects 
Agency  of  the  Department  of  Defense. 

REFERENCES 


Altken,  A.  H.,  Hayes,  J.  N.,  and  Ulrich,  P.  B.,  1973,  "Thermal  Blooming  of  Pulsed  Focused  Gaussian 
Laser  Beams",  Applied  Optics,  USA. 

Bradley,  L.  C.,  and  Herrmann,  J.,  1973,  "Short  Pulse  Computer  Code  - JSL-1",  Private  Communication 
MIT,  Lincoln  Laboratory,  Lexington,  Massachusetts,  USA. 

Bradley,  L.  C.,  and  Herrmann,  J.,  1974,  "Steady  State  Multiple  Pulse  Computer  Code  - JSL-5",  Private 
Communication,  HIT,  Lincoln  Laboratory,  Lexington,  Massachusetts,  USA. 

Daugherty,  J.  D.,  Pugh,  E.  R.,  Douglaa-Hamllton,  D.  H.,  1972,  "A  Stable  Scalable  High  Pressure  Gas 
Discharge  as  Applied  to  the  CO2  Laser",  Bulletin  of  the  American  Physical  Society,  USA. 

Fenstermacher , C.  A.,  Nutter,  M.  J.,  Leland,  W.  T.,  Boyer,  K.,  1972,  "Electron  Beam  Controlled  Electrical 
Discharge  as  a Method  of  Pumping  Large  Volumes  of  COg  Laser  Media  at  High  Pressure",  Applied  Physics  Letter, 

USA. 

Hayes,  J.  N.,  1972,  "Thermal  Blooming  of  laiser  Beams  In  Fluids'.',  Applied  Optics,  USA. 

Klelman,  H. , and  O'Neil,  R.  W. , 1973,  "Thermal  Blooming  of  Pulsed  Laser  Radiation",  Applied  Physics 
Letters,  USA. 

Maher,  H.  E.,  1972,  "Laser  Beam  Propagation  Model  with  Hydrodyna.mlc  Treatment  of  the  Transmission 
Medium",  Applied  Optics,  USA. 

O'Neil,  R.  W.,  Klelman,  H.,  and  Lowder,  J E.,  1974,  "Observation  of  Hydrodynamic  Effects  on  Thermal 


NORMALIZED  PULSE  TIME  t/Tp 


Flg.l  Plot  of  the  normalized  on-axle  Irradlance  plotted  as  a function  of  normalized  pulse  time  for  4 
cuuscant  energy  pulses  with  durations  of  0.3,  1,  2,  and  10 


He-Ne  Laser 


Flg.'2  Experimental  arrangement  for  pulsed  10  vm  laser  diagnostics. 
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Fig.5  Expartaent  arrangement  for  amaaurenent  of  pulsed  thermal  bloonlng 
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Fig.6  Comparison  of  the  measured  drop  In  peak  power  density  with  the  theoretically  predicted  measure 
meat  of  thermal  blooming. 
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Fig .7  Schenatlc  of  oulciple  pulse  blooming  experiment. 
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Fig .8  Illustration  of  moving  corner  reflector  technique  used  to  generate  constant  velocity  beam  motion 
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ARRAY  MEASUREMENT  GEOMETRY 


Fig«9  Illufltrtttlon  of  th«  c«loriset«r  array  acannlng  an  unblooaad  focal  spot  with  diffraction  reroea 
yo* 
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APERTURE  DISTRIBUTION 


Fig. 10  Plot  of  the  meeeurad  leaer  aperture  energy  dlatrlbution  In  the  wind  direction  (Dotted  Curve) . 
The  aulid  curve  la  a plot  of  the  analytic  dlatrlbution  uaed  to  approzlnate  the  input  aperture 
dlatrlbution  In  coda  calculatlona. 
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ONE  DIMENSION  FOCAL  ENERGY  DISTRIBUTION 

1 

Pig .11  Th«  measured  Cocal  energy  distribution  using  the  celorlneter  array  le  plotted  with  a dotted  line.  ! 

The  solid  line  Illustrates  the  theoretically  predicted  measurement  If  the  analytic  approximation  j 

In  Figure  10  Is  propagated  to  a dlffractlon-liialted  focus.  ] 


(A) 


BLOOMED  FOCAL  ENERGY  DISTRIBUTION 

Fig. 12  Comparison  of  the  measured  (dotted  line)  and  calculated  energy  distributions  (oolid  line)  for 
(a)H„  - 2.41;  (b)Ho  - 4.88  when  Np  - 45. 
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experimental  DETERMINATION  OF  SINGLE  AND  MULTIPLE  PULSE  PROPAGATION 

Dr.  Peter  Ulrlcht  Your  experlmenta  have  confirmed  the  theory  and  computer  calculatlona  for  eingle 
pulae  blooming  and  multiple  pulae  blooming  separately.  Have  you  seen  single  pulse  bloondng 
In  your  multlide  pulse  trains  and  do  you  plan  to  design  experiments  In  the  future  which  combine 
these  effects? 

Dr.  Richard  O'Nelh  In  the  experiment  discussed  here,  a condition  was  examined  In  which  a single 
pulse  was  decreased  In  measured  energy  density  by  ~ 20  percent.  In  this  regime  the  blooming 
was  effectively  saturated.  We  plan  no  experiments  to  address  specifically  this  condition  since 
single  pulse  blooming  occurs  so  rapidly  once  It  begins  to  be  significant  that  such  a condition  Is 
Judged  to  be  a nonpractlcal  option.  If  evidence  Is  found  that  single  pulse  blooming  aggravates  the 
multiple  puls«>  propagation  this  Judgement  would  have  to  be  re-examined. 


Dr.  H.  T.  Yurai  Please  comment  on  the  threshold  sensitivity  of  rain,  clouds  and  fog  in  relation  to  that 
of  distilled  water? 

Dr.  R.  W.  O'Neil:  Fog,  rain,  and  clouds  would  tend  to  be  contaminated  with  atmospheric  dust  and/or 
chemicals.  I expect  the  behavior  to  be  comparable  to  other  atmospheric  aerosols. 
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The  fourth  aeeelon  of  thla  conference,  devoted  to  the  propagation  of  high  energy  laaer  beama  through 
the  atmoaphere,  waa  the  flrat  of  Ita  tdnd  for  an  AGABD  Meeting.  Becauae  moat  of  the  attendeea  were 
unfamiliar  with  thla  area  of  propagation  reaearch,  the  flrat  preaentatlon,  by  Dr.  John  N.  Hayea,  waa 
a aurvey  paper  dealgned  to  acquaint  the  audience  with  the  typea  of  high  power  propagation  problema, 
with  emphaala  on  the  ao  called  thermal  blooming  phenomenon.  The  varloua  aapecta  of  thermal  bloom- 
ing for  contlnuoua  wave,  alngle  pulae  and  multiple  pulae  blooming  were  deacrlbed,  while  air  breakdown 
as  an  Impediment  to  pulsed  propagation  waa  Introluced.  Experiment  and  theory  were  shown  to  be  In 
good  agreement  with  no  free  parameters  to  vary.  The  discussion  concluded  with  a description  of  the 
effect  of  atmospheric  phenomena,  such  as  turbulence  and  the  presence  of  aerosols  on  beam  propaga- 
tion, and  observations  on  the  current  status  of  research  In  these  areas. 

A more  detailed  development  of  multiple  pulse  propagation  was  the  subject  of  the  second  presentation, 
made  by  Dr.  Seymour  Edelberg,  of  this  session.  Empirical  development,  through  the  use  of  computer 
solutions  of  the  basic  theoretical  equation,  cf  "scaling  laws"  tod  escribe  the  propagation  of  multiple 
pulse  beams  In  terms  of  a set  of  fundamental  dimensionless  parameters  was  given  along  with  Illustra- 
tive examples.  The  so-called  scaling  law  was  developed  for  a fixed  waveform  and  the  component  single 
pulses  were  chosen  to  avoid  air  breakdown.  The  potential  for  boring  a hole  through  a fog  with  a high 
power  multiple  pulse  beam  waa  also  analysed;  energy  requirements  for  droplet  evaporation  were  deduced 
and  experimental  observations  deacrlbed. 

Dr,  Peter  Ulrich's  paper  waa  devoted  to  a survey  and  analysis  of  the  many  varltles  of  numerical  methods 
that  have  been  developed  to  calculate  the  properties  of  high  power  beams  as  they  propagate  through  ab- 
sorbing media.  The  advantages  and  disadvantages  of  the  different  methods  were  discussed  and  compari- 
sons made.  In  addition  to  the  analysis  of  differing  algorithms.  Dr.  Ulrich  classified  the  kinds  of  codes 
required  according  to  the  physical  propagation  problem  to  be  solved.  Methods  for  Improving  any  algori- 
thm by  the  introduction  of  the  so-called  "adaptive  coordinates  systems"  were  presented.  Comparisons 
between  analytical  results,  and  computational  results  and  observational  data  showed  that  our  understand- 
ing of  the  many  thermal  blooming  phenomena  1s  quite  good. 

Air  breakdown  studies  were  discussed  In  a paper  by  D.  Lenclonl  and  presented  by  B.  O'Neill  the  dis- 
cussion was  devoted  to  a survey  of  results  on  the  threshold  levels  for  air  breakdown  In  10. and  1. 06|i 
laser  beams.  It  was  shown  that  the  breakdown  threshold  data  for  aerosol  free  air  follows  the  theory  of 
Watson  and  KroU  quite  accurately,  but  that  the  presence  of  dry  aerosols  or  wet  nucleated  water  droplets 
lowers  the  threshold.  The  threshold  levels  were  shown  to  be  generally  material  Independent  (with  the 
exception  of  pure  H2O  droplets),  but  that  they  are  affected  by  pulse  length  and  by  aerosol  size.  Experi- 
mental arrangements  by  which  the  data  were  obtained  were  described  and  time  lapsed  photographs  of  the 
growth  and  evolution  of  the  breakdown  plasma  were  shown.  Evidence  that  aerosol  Induced  breakdown 
plasma  were  shown.  Evidence  that  aei  ol  Induced  break  down  thresholds  are  nroportlonal  to  was 
shown,  and  data  taken  at  other  laboratories  and  at  differing  wavelengths  confir  this  result. 

The  final  paper  of  this  session,  presented  by  Mr.  Blchard  O'Neil,  discussed  In  detail  the  early  and  re- 
cent work  performed  at  Lincoln  Laboratory  on  single  pulse  and  multiple  pulse  propagation.  The  experi- 
mental arranagements  covering  both  the  laser  apparatus  and  beam  diagnostics  were  discussed;  the  ex- 
perimental results  were  compared  with  a computer  simulation  (with  no  free  parameters)  of  the  tests. 

Both  the  single  and  multiple  pulse  theory  and  experiments  were  demonstrated  to  be  In  excellent  agree- 
ment, It  should  be  noted  that  the  single  pulse  propagation  experiment  was  designed  to  avoid  air  break- 
down while  the  multiple  pulse  case  avoided  breakdown  and  single  pulse  blooming  as  well. 

The  papers  presented  In  these  proceedings  and  at  the  conference  demonstrated  that  a good  quantitative 
understanding  of  the  Important  Impedances  offered  by  the  atmopshere  to  high  power  propagation  Is  avail- 
able, In  contrast  to  propagation  In  the  real  atmosphere,  the  theories  and  experiments  were  clearly  over- 
simplified, but  work  on  the  more  complex  phenomena  of  turbulence,  aerosols,  beam  jitter,  multiple 
wavelength  propagation  and  high  power  adaptive  apertures  has  been  underway.  Is  continuing  and  promises 
to  show  conclusive  results  In  the  near  future.  It  Is  to  be  hoped  that  at  the  next  AGABD  conference  on  op- 
tical propagation  through  the  atmosphere,  papers  In  these  areas  will  be  presented. 
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SUMMARY 


( The  presence  of  the  atmosphere  degrades  the  Imaging  performance  of  large  telescopes. 

! Optical  phase  distortion  imposed  by  atmospheric  turbulence  causes  a loss  in  resolution 

I capability  of  from  10  to  30  times  a system's  theoretical  performance.  Over  the  past 

{ several  years,  a number  of  approaches  to  overcoming  Image  degradation  have  been  proposed. 

' We  have  developed  an  approach  called  Compensated  Imaging.  Compensated  Imaging  is  an 

approach  which  allows  the  retrieval  of  low  contrast  Information  by  active  adaptation 
of  the  telescope  system  to  atmospheric  conditions.  This  Is  accomplished  through  the 
use  of  real  time  wavefront  sensing  coupled  with  fast  response  deformable  optics.  In 
practice,  the  wavefront  entering  the  telescope  Is  measured  to  determine  Its  wavefront 
deformation  (optical  path  length  differences  across  the  aperture)  and  a mirror  Is  then 
deformed  to  the  conjugate  of  the  deformations,  producing  a near  diffraction  limited 
image  on  a sensor.  Analysis  of  the  wavefront  correction  capabilities  has  been  completed 
and  two  approaches  to  wavefront  sensing  are  being  Investigated. 

1 . INTRODUCTION 

The  prime  limiting  factor  to  resolution  capabilities  of  large  aperture  telescopes 
Is  the  presence  of  the  atmosphere.  Spatial  and  temporal  variations  In  the  Index  of 
refraction  of  the  atmosphere  Introduce  distortions  In  the  light  from  a source  as  it 
travels  to  the  telescope.  Phase  distortions  are  the  dominant  effect  and  result  In  a 
reduction  of  resolution  many  times  a systems  theoretical  limit.  As  an  example,  the 
operational  seeing  limit  of  60  Inch  diameter  telescopes  are  typically  in  the  range  of 
1 to  2 arc  seconds  as  opposed  to  a theoretical  limit  of  0.1  arc  seconds.  At  these 
operational  resolutions  many  astronomical  objects  are  unresolved. 

Over  the  past  several  years  significant  effort  has  been  applied  to  developing 
Imaging  approaches  which  overcome  or  circumvent  the  distorting  effects  of  atmospheric 
turbulence.  Before  we  discuss  these  approaches,  however,  some  fundamental  understanding 
of  the  structure  of  atmospheric  turbulence  as  applied  to  optical  propagation  is  required. 

The  turbulent  structure  of  the  atmosphere  fluctuates  In  a statistically  defined 
but  random  manner.  A single  atmospheric  turbulence  descriptor  Is  needed  In  the  study 
of  optical  propagation  through  the  atmosphere;  the  three  dimensional  refractive  Index 
spatial  power  spectrum  This  function  expresses  the  strength  and  spatial 

distribution  of  the  turbulent  refractive  index  fluctuations  and  has  the  form 

4>jj(ic)  - 0.033Cj(K2+KL"M"‘*/®exp[-K/K^)2]  (1) 

where  » refractive  index  structure  parameter, 

L ■ outer  scale 
0 

• inner  scale  wavenumber,  5.92/1^, 

and  1 ■ Inner  scale. 

0 

In  reality,  C^,  and  are  functions  of  position  z along  the  path,  so  that 

■ 4jj(k,z).  cJ  may  be  considered  to  represent  turbulence  strength,  whereas 
L~^  and  defined  the  range  of  applicability  of  the  Kolmogorov  spectrum 

♦ ^(k)  - 0.033C2k"1»/3,  L-1«ic«k„.  (2) 

The  empirical  model  for  4q(x)  in  Eq.  (1)  has  been  based  solely  on  ground  level 
measurements  of  the  temperature  structure  function.  In  fact,  for  visible  and  Infrared 
wavelengths,  temperature  turbulence  almost  totally  governs  refractive  Index  fluctuations. 
Next  in  order  of  importance  would  be  humidity  fluctuations  which  are  about  10%  or  less 
of  the  total,  unless  you  are  propagating  near  the  surface  of  the  water.l^ ' Of  no  direct 
consequence  is  wind  velocity  turbulence,  since  temperature,  humidity  and  pressure  are 
all  that  appear  in  the  refractive-index  equation. 


Implicit  in  Eq,  (1)  are  the  assumptions  of  isotropy  and  local  homogeneity. 

Smooth  variations  in  Cg,  Lq  and  Km  are  allowed,  (the  behavior  of  C^(z)  in  the  earth's 
boundary  layer  Is  treated  by  Wynganrd  et.  al.'  *').  The  height  dependence  of  Lg  and  Km 
are  not  so  well  known.  Typically  Lo(a)  Is  taken  as  2,  /z  or  |z;  and  tg  Is  generally 
assumed  to  be  a constant  somewhere  between  1 mtn  and  1 cm.  Fortunately,  accurate 
values  of  Km  and  Lg  are  usually  not  needed.  In  realistic  optics  calculations,  measure- 
ment apertures  usually  dominate  the  effect  of  inner  and  outer  scales.  Most  measure- 
ments involve  a large  aperture  of  diameter  I)-l  to  2 m and  a small  subaperture  of 
diameter  d > 1 cm. 

When  we  come  to  describing  phase  statistics,  've  rely  heavily  on  the  Rytov  method 
of  smooth  perturbations,  which  is  a perturbation  solution  for  the  wave  equation.!  < i 
single  statistical  descriptor,  the  spotlal  phase  structure  function,  is  fundamental 
to  most  of  the  propagation  calculations  which  are  affected  by  phase  rather  than 
amplitude  variations.  The  phase  structure  function  is  defined  in  terms  of  phase  at 
a point  i(%)  as 

D^(r)  - > (3) 

where  r»lXi-X2|  indicates  an  assumption  of  isotropy  as  well  as  homogeneity.  Tatarskii^^'^ 
has  solved  the  wave  equation  via  the  Rytov  procedure  and  provided  a relation  between 
the  statistics  of  refractive-index  and  the  desired  statistics  of  phase  for  a plane  wave: 


D^(r)  - Sn^k^  5 (l-Jg(Kr))K  ^ ♦u(K,2)dzdK 
O O 

where  k ■ 2n/X  is  the  wavenumber, 

X " wavelength, 
and  L ••  path  length. 

Fried^'*  ^ has  solved  Eq.  (4)  to  give  us 

1 r>>/TL 


D.(r)  - 6.88(r/rg)S/3 
9 


i r>>*'Tl, 


i r>>/XL 


i r>>/XL 


(4) 


(5) 


where  rg®/^  ■ 0.423k^  ^ C^(z)dz  (6) 

0 

Fried's  coherence  length,  rg,  is  the  single  most  dominant  parameter  used  to  describe 
phase  degradation  in  optical  propagation. 


The  effect  of  rg  on  imaging  can  easily  be  demonstrated.  Fig.  1 is  a simulation 
showing  the  short  exposure  image  of  a point  source  for  a 60  inch  telescope  as  a function 
of  different  values  of  rg . The  bar  at  the  top  of  each  frame  represents  1 arc  sec. 

As  rg  decreases  (turbulence  becomes  stronger)  the  point  spread  function  becomes  wider. 

A Strehl  ratio  (SR)  is  also  given  for  each  image,  quantifying  the  degradation. 


Astronomers  have  attempted  to  use  the  random  nature  of  atmospheric  turbulence  to 
overcome  poor  seeing.  The  classical  approach  to  obtaining  high  resolution  images  using 
ground  based  telescopes  is  to  take  a multitude  of  short  exposure  Images  and  hope  to 
obtain  a few  frames  of  data  when  seeing  is  best.  As  Fried  points  out  in  a companion 
paper  (®)the  probability  of  obtaining  a high  resolution  image  using  this  approach  is 
extremely  low.  His  results  show  that  the  probability  of  obtaining  a good  short 
exposure  image  is 

Prob  : 5.6  exp[-0.1557(D/rg)M . dor  D/rg>3.5),  (7) 

where  D is  the  aperture  diameter.  A good  image  is  defined  as  one  for  which  the  rms 
wavefront  distortion  over  the  aperture  is  one  radian  or  less.  Using  this  relationship 
the  probability  of  getting  a good  image  is  about  2.5x10"®  when  D/rg-7,  it  is  only 
1x10”®  when  D/rg-10  and  3. 5x10"^ ®when  D/rg"15.  The  message  then  becomes  that  if  we 
are  to  avoid  unreasonably  long  waiting  times  the  telescope  aperture  ra\ist  be  matched  to 
the  atmospheric  conditions.  For  example,  in  the  case  above  for  a probability  of 
2.5x10"®,  (taking  a typical  value  of  rg«10  cm)  the  telescope  diameter  can  be  no  larger 
than  70  cm. 


Even  is  one  wore  willing  to  pay  the  penalty  of  waiting  the  prescribed  time  and 
use  of  modest  size  apertures,  this  random  technique  is  severely  limited  to  high 
brightness  objects.  The  exposure  times  must  be  shorter  than  the  atmospheric  time 
constant  (approxlmat  'ly  1 to  10  millisec).  For  low  brightness  objects  the  exposure 
time  must  be  increased  in  order  to  produce  a recordable  image.  Since  the  atmosphere 
is  behaving  in  a random  manner,  severe  bluring  occurs  at  times  longer  than  a time 
constant.  For  astronomical  applications  where  exposure  times  of  many  seconds  or 
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minutes  may  be  required,  atmospheric  averaging  always  limits  resolution  even  for  the 
smallest  aperture  telescopes. 

A number  of  approaches  to  overcoming  the  limitations  of  the  atmosphere  have  been 
described  in  the  literature ® ® ) Most  have  involved  the  use  of  interferometric 
detection  where  the  output  is  unfortunately  only  the  autocorrelation  function  rather 
than  a standard  image.  While  these  approaches  have  shown  excellent  results  for  point 
sources  they  are  severely  limited  for  extended  objects.  We  have  developed  an  approach 
called  Compensated  Imaging  which  will  overcome  the  atmospheric  limitations  and  the 
drawbacks  associated  with  interferometric  detection. 

2.  COMPENSATED  IMAGING 


Compensated  Imaging  is  an  approach  which  allows  the  retrieval  of  low  contrast  \ 
information  by  active  adaptation  of  the  telescope  system  to  atmospheric  conditions.  | 
This  is  accomplished  through  the  use  of  real  time  wavefront  sensing  coupled  with  J 
rapid  response  deformable  optics.  In  practice,  the  wavefront  entering  the  telescope  ] 
is  measured  to  determine  its  wavefront  deformation  (optical  path  length  differences  ; 
across  the  aperture)  and  a mirror  is  then  deformed  to  the  conjugate  of  the  deformations,  j 
producing  a near  diffraction  limited  image  on  a sensor. 


2.1  General  Description. 

The  basic  elements  of  the  system  are  shown  in  Fig.  2.  The  light  entering  the 
telescope  is  first  collimated  and  reflected  off  a deformable  optic  and  then  reimaged 
onto  a wavefront  sensor.  The  optical  path  length  changes  are  sensed  by  the  detector 
system  and  computations  performed  to  reconstruct  the  wavefront  d.istortions.  Signals 
are  fed  to  a deformable  mirror  in  order  to  produce  the  conjugate  deformations.  Since 
the  deformable  optic  is  the  first  element  in  the  system  the  wavefront  sensor  measuros 
errors  in  the  deformable  mirror  as  well  as  the  entering  wavefront  and  the  system 
operates  in  a closed  loop  fashion.  Part  of  the  beam  is  split  off  and  sert  to  an  imaging 
sensor.  Wavefront  sensing  and  correction  are  accomplished  within  an  atmospheric  time 
constant.  The  changes  in  the  wavefront  are  corrected  as  they  cccur,  allowing  long 
e”posure,  high  resolution  images  to  be  obtained. 

The  basic  concept  of  wavefront  correction  is  illustrated  in  Fig.  3.  A wavefront 
(a)  distorted  by  atmospheric  turbulence  enters  an  aperture  of  diameter  D.  The  wavefront 
may  have  a gross  tilt  (as  indicated  by  the  da.sued  line)  as  well  as  fine  scale  deforuiations. 
The  aperture  may  then  be  divided  into  subapertures  of  diameter  d.  If  a piston  like 
correction  is  made  for  each  sabaperture  in  order  to  normalize  the  wavefront  to  some 
mean  level  (as  indicated  by  the  solid  lice),  a correction  results  as  shown  in  (b).  The 
wavefront  still  contains  significant  errors  due  to  the  fact  that  each  subaperture  may 
be  tilted  with  respect  to  the  aperture  plane.  If  x and  y tilt  corrections  are  made  for 
each  subape^ ture , a final  compensated  wavefront  is  pioducert  as  shown  in  (c).  This 
example  refers  to  separate  piston  and  tilt  corrections,  in  reality  by  using  a continuous 
deformable  mirror  the  two  corrections  are  achieved  simultaneously.  The  concept  of 
piston  and  tilt  however  lends  itself  to  analysis  as  indicated  in  later  discussions. 

Certain  advantagoo  can  be  accrued  in  terms  of  dynamic  range  requirements  if  the 
gross  tilt  of  the  overall  wavefront  is  renioved  first  before  piston  and  tilt  correction 
are  attempted.  The  gross  tilt  can  represent  several  radians  of  phase  difference  from 
edge  to  edge  but  it  changes  relatively  slowly.  Removal  of  the  gross  tilt  can  therefore 
ease  the  dynamic  range  requirement  of  the  deforrr.;,ble  mirror. 

2.1.1  Analysis  of  Piston  and  Tilt  Requirements. 

The  requirements  for  subaperiure  size  and  piston  and  tilt  correction  range  can 
be  determined  from  a consideration  of  the  spatial  aaa  temporal  statistics  of  p 
propagatea  wavefront, 

Based  on  the  previously  presented  atmospheric,  analysis  we  can  obtain  the  temporal 
phase  statistics  from  the  spatial  by  making  the  assumption  of  frozen  flow,  or  Taylor's 
hypothesis,  which  says  that  in  a differential  section  ot  the  atmosphere  transverse  to 
the  path 


4i(St,t-.  t)  = <t>(k-bT,t)  (8) 

where  is  the  transverse  wind  velocity. 

The  most  important  statistical  quantity  which  describes  spatial  and  temporal 
behavior  simultaneously  is  the  phase-difference  power  spectrum  W{.i(r,£).  The  phass- 
c’-ifie^ence  spectrum  is  the  temporal  Fourier  transform  of  the  spatiotemporal  phase 
structure  function  Ds,j,(r,T),  where  Ds,),  is  defined  as 

D^^(r,t)  - <(*(», t)  - iti(X+r  •;))  (4,(k,t+T)  - ♦(Xtt,t+T))>.  (9) 

After  expanding  Eq . (9)  into  four  terms,  using  the  definition  of  D,),  ui*d  tne  assumption 
of  iror'en  flow  we  have 

D^.(r,T)  = -d^(vt)  t jD,(f-!VT'(  + iD^i.r-vx).  (lO) 

0 (p  p)  (p 
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After  the  temporal  Fourier  transform  ia  done,  we  have 


Wj^(r.f)  - 0.1305  f-6/3ic2  ^ dz  C2(z)-(z)5/3sin2  (H) 

where  we  have  assumed  f<<v//XL  and  t parallel  to  9. 

Although  0^  and  are  sufficient  in  themselves  to  describe  the  spatio-temporal 
aspects  of  a plane  wave  propagated  in  turbulence,  they  are  not  normally  used  to  describe 
system  performance  as  they  stand.  Invariably  they  undergo  some  spatial  Integration 
since  the  receiver  or  imaging  optics  are  of  finite  extent.  The  particular  case  of 
interest  to  us  is  the  calculation  of  power  spectral  densities  which  describe  the 
motion  of  elements  in  a predetection  compensation  system.  We  are  treating  a segmented 
system,  where  the  aperture  plane  is  subdivided  into  an  array  of  circular  segments,  each 
adjustable  to  match  the  mean  and  slope  of  the  wavefront.  This  model  is  a close 
approximation  to  the  much  more  difficult  problem  of  a deformable,  continuous  mirror. 

The  general  form^  ^ ^ for  the  power  spectra  of  the  mean  phase  and  tilt  on 
individual  segments  is 

F(f)  =>  -i  J w^^(r,f)'T(t‘idr,  (12) 

where  T(T)  is  a generalized . transfer  function,  dependent  on  segment  diameter  d a'd 
segment  location  within  the  telescope  of  diameter  D.  We  have  considered  the  option 
of  removing  overall  tilt  and  have  found  this  removal  reduces  drive  distances 
significantly,  although  it  does  not  affect  overall  bandwidth  requirements.  In  addition, 
T(f)  takes  on  different  forms  depending  on  whether  we  are  considering  mean  phase 
("piston")  or  tilt;and  the  behavior  of  tilt  is  a function  of  the  orientation  of  the  tilt 
oscillation  axis  with  respect  to  fj. 

A detailed  description  of  the  transfer  function  and  the  individual  power  spectra 
obtained  from  T(f)ls  not  appropriate  here.  Rather  we  shall  review  the  salient  results. 
To  establish  the.  size  of  a piston,  or  piston  with  tilt  capability,  to  be  used,  we 
evaluated  the  rms  values  of  residual  phase  error  as  a function  of  piston  size: 

o,(d)  = 1.037(d/ro)®/®  (piston  only) 

* , (13) 

o^(d)  - 0.376(d/ro)®/®  (piston  with  tilt) 


(Actually  o*  is  also  a function  of  position  within  the  segment  itself,  and  the  values 
in  Eq.  (13;  represent  properly  weighted  averages  over  that  position  variable.)  For 
example,  if  we  have  a system  complete  with  piston  and  tilt  correctors,  then  lor  a goal 
of  a^^2ir/10,  the  segment  diameter  is  d_<1.85ro. 

Equation  (13)  may  also  be  used  to  evaluate  expected  excursion  distances  over  the 
whole  aperture,  if  we  let  d-*-D,  The  piston  condition  now  becomes  the  case  of  overall 
tilt  left  in,  whereas  piston/tilt  now  refers  to  overall  tilt  removed.  For  example, 
if  we  take  the  average  rg  ” O.ll  m reported  by  Fried  and  Mevers( ^ ) and  a telescope 
of  diameter  D » 1.6  m,  then  cr^(D)  = i.54(2n)rad  for  overall  tilt  left  in,  and  o^(D)  = 
0. 557(2it  )rad  for  overall  tilt  re.Tioved. 

A similar  equation  is  found  for  tilt  of  a segment,  in  that 

a^(d)  = 0.129(d/ro)®/®(X/d),  d>>tfl.  (14) 

For  example,  If  d/rg  * 1.85,  we  find  o^<l/X  = 0.716.  "rhe  quantity  o„d/X  is  the 
displacement  of  one  edge  of  a segment  with  respect  to  the  other  side  in  terms  of 
nximber  of  wavelengths. 

Equation  (14)  also  applies  to  the  overall  tilt  corrector,  if  we  simply  replace 
d with  D.  If  we  again  use  rg  = 0.11  m and  D = 1.6  m,  we  find  0t,(D)D/X  = 4.00. 
Obviously,  the  amount  of  overall  tilt  greatly  exceeds  both  local  tilt  (which  was  0.716 
waves)  and  piston  for  overall  tilt  removed  (which  was  0.557  waves). 


A system  designer  should  consult  the  exact  forme  of  the  power  spectra  before 
deciding  upon  what  type  servo  should  be  employed.  However,  we  can  make  soma  general 
stateme  ts  as  to  what  bandwldths  will  be  needed.  For  piston  drives,  the  cutoff 
frequen.  y is  typically  v/(Ttd),  where  v represents  the  highest  value  of  transverse 
velocity  within  regions  of  significant  turbulence.  For  tilt  on  a segment,  the  cutoff 
is  roughly  v/d;  whdreas  overall  tilt  must  respond  up  to  v/D 

2.1.2  Simulation  Results. 

A pictorial  represertation  cf  the  effect  of  piston  and  tilt  correction  as  a 
function  of  the  number  of  >>ubapertures  is  shown  in  a computer  simulation  furnished 
by  B.  McGlamery  of  the  Vlbioility  Laboratory  of  Scripps  Institute. 
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Fig.  4 Is  a computer  generated  phase  map  rer^-esentlng  a 60  Inch  square  aperture. 
The  phase  change  Is  equal  to  2ir  radians  as  represented  by  the  change  from  light  to  dark 
In  the  phase  map.  The  effect  of  this  ph»s<'.  map  oc  tre  image  of  a point  source  Is  shown 
In  Fig.  5.  The  bar  represents  one  arc  sec.  phase  over  the  entire 

aperture  has  been  removed  In  Fig.  6 (as  well  as  ir  rip*.  ■ 6 .,,nd  7),  the  zero  value  of 
phase  now  corresponds  to  the  Interface  between  blai.?*  .ud  r-,*x'“:3  in  the  phase  map.  Two 
series  of  simulations  were  performed.  The  first  series  represents  piston  correction 
only,  as  a function  of  the  numbef  of  segments  (Fig.  6).  The  aperture  was  divided  Into 
4,  9,  16,  25  and  49  segments  and  piston  corrections  made  and  Images  generated.  In  the 
second  series  of  simulations  (Fig.  7)  the  aperture  was  divided  as  before  but  both 
piston  and  tilt  corrections  made.  It  Is  Immediately  apparent  that  the  piston  and  tilt 
correction  provides  a sharper  image  with  less  segments  than  piston  only.  By  the  time 
49  segments  are  reSwhed  the  image  degradation  Is  almost  totally  corrected  as  seen  by 
the  uniformity  of  the  phase  map  and  the  sharpness  of  the  image. 

2.2  Wavefront  Sensing  and  Correction  Techniques. 

Conceptually,  Compensated  Imaging  Is  an  approach  which  can  completely  overcome  the 
degrading  effects  of  atmospheric  turbulence.  In  practice,  however,  the  degree  of 
success  depends  entirely  on  the  ability  to  sense  optical  path  length  differences  In 
the  wavefront  and  compute  and  execute  conjugate  deformations  In  an  adaptive  optic. 

2.2.1  Deformable  Optics. 

Over  the  past  several  years  a high  degree  of  success  has  been  achieved  In 
Implementing  deformable  mlrrois.  The  standard  approach  has  been  to  use  piezoelectric 
drivers  attached  to  the  "ear  surface  of  a solid  mirror.  Fig.  8 shows  a diagram  of  a 
typical  configuration.  As  voltage  differences  are  applied  between  the  addressing 
electrodes  and  the  common  electrode,  the  piezoelectric  ceramic  expands  causing 
deformations  in  the  mirror  surface.  Fig,  9 is  a mirror  based  on  this  configuration 
which  was  built  by  Itek  Corp.  The  mirror  has  a 2 Inch  active  surface  with  21  addressing 
electrodes. 

The  response  of  this  21  electrode  mirror  to  various  voltages  and  voltage  , 

combinations  across  the  mirror  is  shown  in  Fig.  10,  through  the  use  of  interferograms. 
Fig.  10a  Is  a steady  state  condition  with  no  voltage  applied.  Fig.  10b,  c,-,  and  d show 
the  results  of  applying  various  voltage  combln»tions  across  the  mii^or. 

Mirrors  have  been  demonstrated  with  bandwidth  capabilities  In  the  range  of 
hundreds  of  Hertz  and  surface  deformation  capabilities  of  + several  waves.  These 
capabilities  are  more  than  adequate  for  use  In  a Compensated  Imaging  System  for 
astronomical  observations. 

2.2.2  Wavefront  Sensing. 

The  most  critical  aspect  of  Compensated  Imaging  is  the  ability  to  sense  the 
wavefront  deformations.  This  is  particularly  true  when  using  objects  of  low 
brightness  where  limited  photons  are  available.  The  requirements  for  a wavefront 
sensor  are;  high  optical  efficiency,  response  times  faster  than  the  atmospheric 
time  constant  (on  the  order  of  10  millisec)  and  sensitivity  to  wavefront  changes  of 
finer  than  1/10  wavelength.  Of  all  of  the  approaches  investigated,  there  are  two 
techniques  which  appear  to  possess  the  necessary  capabilities  : Interferometric 

detection  and  Hartmann  sensing. 

2. 2,2.1  Interferometric  Detection 

The  wavefront  sensing  techniques  which  has  been  investigated  the  furthest  is 
the  white  light  shearing  interferometer.  As  illustrated  in  Fig.  11,  the  incoming 
wavefront  is  focused  on  a phase  grating  such  that  the  light  is  diffracted  into  the 
+ 1st  order,  a lens,  then  recollimates  the  light  and  causes  the  two  orders  to  overlap. 

A fringe  pattern  is  generated  within  the  area  of  o-  erlap  of  these  sheared  wavefronts. 

An  array  of  detectors  is  placed  within  the  overlap  region  and  the  changes  in  fringe 
pattern  detected  as  they  occur.  In  practice  two  shears  are  detected  separately 
(x  and  y)  in  order  to  reconstruct  the  two  dimensional  deformations  occuring  across  the 
wavefront . 

The  radial  phase  gratings  in  the  Identicai  x and  y'channels  are  of  low  spatial 
frequency  and  form  two  overlapping  first-order  sidebands.  Only  tho  first-order  side- 
bands are  present  due  to  the  use  of  a grating  which  has  a sinusoidal  amplitude 
transmission  with  a zero  bias  level;  this  ensures  high  fringe  modulation. 

The  shear  distance  is  proportional  to  the  angular  separation  of  the  first-order 
sidebands  which  is  controlled  by  tho  grating  frequency.  Using  a radial  grating,  the 
shear  is  continuously  adjustable  by  moving  the  center  of  rotation  relative  to  the 
optical  axis.  The  Interferometer  is  inherently  achromatic  due  to  the  use  of  symmetrical 
diffraction  orders. 

The  la‘i;eral  shear  interference  pattern  produced  by  the  overl^-pping  sidebands  falls 
on  the  detector  array  which  is  placet’  at  an  image  plane  of  the  wavefront  corrector. 

Each  detector  element  corresponds  to  a sub-aperture  of  the  Incoming  wavefront  over  which 
the  wavefront  tilt  is  measured.  Rotation  of  the  grating  produces  Intensity  modulation 
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of  each  element  of  the  Interference  pattern.  The  phase  of  the  alternating  current 
signal  picked  up  by  each  element  of  the  x or  y detector  array  Is  then  proportional 
to  the  average  tilt  of  the  wavefront  (i.e.  optical  path  difference  divided  by  shear 
distance)  In  the  x or  y direction  over  the  corresponding  subaperture  of  the  Incoming 
wavefront,  using  a fixed  phase  reference  obtained  directly  from  the  grating.  vThese,^ 
output  tilt  measurements  are  generated  simultaneously  over  the  whole  aperture^each 
detector  element  having  Its  own  hard  wired  output.  The  optical  path  lergth  changes  are 
then  fed  to  the  deformable  mirror  for  correction  of  the  wavefront. 


I 2. 2. 2. 2 Hartmann  Sensing.  • 

'■  The  Hartmann  sensing  approach  la  analogous  to  the  standard  Hartmann  test. 

I Fig.  12  Illustrates  the  approach.  The  Incoming  wavefront  Is  divided  Into  a series  of 

! subapertures  by  an  array  of  lenslets.  Each  lenslet  focuses  the  light  onto  the  surface 

j of  a centroid  detector.  Each  subaperture  Is  small  enough  that  the  portion  of  the 

1 wavefront  it  senses  appears  to  be  undlstorted  except  that  its  angle  of  arrival  (tilt) 

j with  respect  to  the  subaperture  Is  changing  as  a function  of  time.  By  sensing  the 

direction  and  magnitude  of  change,  by  using  some  form  of  centroid  tracker  for  each 
subaperture,  the  wavefront  deformations  for  the  whole  aperture  can  be  reconstructed. 


High  sensitivity  can  be  achieved  In  this  approach  by  using  photon  counting 
detectors.  Each  detector  outputs  x and  y coordinates.  The  output  of  each  detector 
is  fed  to  a computer  which  then  reconstructs  the  entire  wavefront  and  sends  commands 
to  the  deformable  mirror. 


i 


3.  SUMMARY  AND  CONCLUSIONS 

For  a Compensated  Imaging  System  the  degree  of  complexity  is  dependent  on  the 
structure  of  atmospheric  turbulence.  The  number  of  detectors  In  the  wavefront  sensor 
must  be  sufficient  to  adequately  sample  the  deformations  and  the  number  of  corrector 
elements  must  likewise  be  sufficient  to  provide  adequate  spatial  correction.  The 
dynamic  range  of  the  corrector  and  the  required  frequency  response  is  also  tied  to 
the  statistics  of  turbulence.  The  Importance  of  understanding  atmospheric  effects 
Is  obvious.  Significant  emphasis  has  already  been  placed  on  experimental  and 
theoretical  investigations  of  the  structure  of  turbulence  and  the  statistics  of  optical 
phase  fluctuations.  In  summary,  the  atmospheric  constraints  for  astronomical 
applications  are  ulrror  excursion  capabilities  of  3-4  wavelengths  rms  with  a bandwidth 
of  approximately  100  Hz  (for  an  ro  =■  10  cm). 

Efforts  are  now  progressing  to  thoroughly  analyze  and  experimentally  verify  the 
operation  of  interferometric  and  Hartmann  sensing  techniques.  Emphasis  Is  being  placed 
on  defining  the  S/N  limitations  and  sensitivities  of  these  techniques  In  order  to 
define  the  optimum  approach. 

The  advantages  of  an  adaptive  system  for  removing  the  degrading  effects  of 
atmospheric  turbulence  are  obvious.  Efforts  have  progressed  to  define  the  requirements 
of  sufch  a system  and  to  determine  the  optimum  configuration.  Mirror  technology  Is 
adequate  to  support  the  development  of  a large  aperture  compensated  imaging  system 
and  wavefront  sensing  approaches  are  being  thoroughly  investigated.  It  remains  now 
to  implement  and  operate  a full  scale  system.  This  occurrence  will  surely  be  a major 
breakthrough  In  astronomical  imaging. 
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Fig.  1 Effect  of  variations  in  r,,  on  instantaneous  point  source  images 
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Fig.2  Compensated  imaging  system  block  diagram 


Fig.3  Wavefront  compensation 


Fig.6(b)  Simulation  - piston  correction  only 


Fig.7(a)  Simulation  piston  and  tilt  correction 
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Fig.9  Monolithic  piezoelectric  mirror  (MPM) 
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summary 


The  measuremont  of  the  slant  visual-range  by  means  of  lidars  involves  two  main 
problems:  the  extraction  of  the  atmospheric  extinction-coefficient  from  the  lidar  signa- 
ture «md  the  calculation  of  the  slant  visual-range  from  the  extinction  coefficient.  The 
authors  tried  to  solve  these  problems  in  the  particular  situation  of  a landing  in  low 
visibility  conditions.  An  equation  was  obtained  which  allows  the  computation  of  the  vi- 
sual range  from  the  extinction  coefficient  in  every  hour  of  the  day  both  for  extended 
and  point  sources.  In  order  to  compare  the  different  methods  for  the  extraction  of  the 
extinction  coefficient  from  the  lidar  signatures  some  atmospheric  situations  were  simu- 
lated on  a computer  and  the  lidar  equation  was  calculated.  The  simulated  signatwes 
were  than  processed  by  different  methods  and  the  result  were  collated.  At  the  end  of  the 
paper  a new  procedure  for  the  processing  of  lidar  signatures  is  introduced. 

1.  INTRODUCTION 


A Carefull  measurement  of  slant  visibility  becomes  every  day  more  important 
for  safe  and  regular  aircraft  landing  operations,  Lidars  are  particularly  suitable 
for  slanv  visibility  measurements  since  from  their  signatures  information  on  each  point 
of  the  atmosphere  may  be  obtained.  The  problem  of  slant-visibility  measurements  by 
means  of  lidars  can  be  divided  in  two  steps; 

1)  The  extraction  of  the  atmospheric  extinction-coefficicint  o from  the  lidar  signature. 

2)  The  calculation  of  the  actual  slant  visual-range  from  a and  other  atmospheric  data. 
Step  1 involves  only  physical  problems  while  step  2 involves  also  physiological  pro- 
blems . 


Up  to  now  attention  was  preferably  given  to  the  o extraction  and  the  visibility 
was  than  computed  by  means  of  simple  and  not  always  valid  equations.  Different  methods 
were  suggested  for  o extraction  from  lidar  signatures,  unfortunately  they  sometimes  give 
different  results  when  they  are  applied  to  the  same  lidar  signature  (Herrmann  H.  et  al. 
1974).  The  authors  considered  therefore  advisable  from  one  side  to  investigate  for  a 
more  actual  relation  between  o and  the  visual  range,  on  the  other  side  to  simulate  dif- 
ferent atmospheric  situations  and  to  verify  on  such  models  the  validity  of  the  different 
methods  of  o extraction. 

2.  VISIBILITY  IN  LANDING  OPERATIONS 

In  our  opinion  a general  equation  connecting  0 and  the  actual  visual-’'nng° 
is  very  difficult  to  obtain  but  the  problem  can  be  solved  in  the  restricted  situation 
of  a landing  in  low  visibility  conditions. 

V/hen  the  visibility  is  low,  the  ILS  is  used.  This  device  gives  on  electroma- 
gnetic glide-path  which  is  instrumentally  followed  by  the  plane.  Nevertheless  there  is 
always  a point  of  the  glide  path  below  which  the  inaccuracy  of  the  ILS  is  too  high  and 
the  landing  has  to  be  carried  on  by  means  of  visual  references  which  indicate  to  the 
pilot  the  position  and  direction  of  the  runway.  For  a safe  and  regular  landing  the  pi- 
lot has  to  see  the  visual  references  before  the  plane  will  reach  the  critical  point  of 
the  landing  class.  Since  the  distance  between  the  references  and  the  critical  point  is 
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In  the  range  of  hundreds  of  metres  the  radiation  attenuation  is  completely  due  to  the 
sa  ttering  by  fog.  A high  luminance  light  is  visible  in  a fog  bank  at  a distance  higher 
thL  i any  other  reflecting  or  luminous  target  (Olivier  J.,  195''0*  the  pilo.t  references 
will  be  than  the  airport  lights  (Pig.l)  and  not  the  runway  or  any  signal  painted  on  it. 

A safe  landing  does  not  require  the  vision  of  all  the  airport  lights,  but  the  first 
light-bar  of  the  approach  path,  at  least,  has  to  be  clearly  seen  from  the  critical  point. 
In  practice  it  is  necessary  to  measure  the  visual  range  of  the  bar  in  all  the  direc- 
tions between  BC  and  the  horizontal  one  (Pig. 2)  in  order  to  determine  the  point  of  the 
glide  path  from  which  the  light  bar  becomes  visible. 

Since  the  target  is  an  high-luminance  light  and  the  fog  bank  has  a relevant 
luminance  in  the  observation  direction,  also  at  night  because  of  the  airport  lights, 
the  presence  of  the  land  background  can  be  neglected  in  every  hour  of  the  day.  The  pro- 
blem is  than  reduced  to  the  determination  of  the  luminance  contrast  between  the  teu'get 
and  the  fog  background,  whose  luminance  may  bn  assumed  to  be  equal  to  that  of  the  sky 
at  the  horizon  in  the  same  direction  (Konovalov  Yu.G.  and  Ratsimor  M.Ya,  i972).  The 
luminance  contrast  has  to  be  compared  with  the  threshold  * below  which  the  eye  does  not 
discern  the  target  from  the  background: 


(1) 


where  L+  is  the  threshold  luminance  and  Ljj  the  background  luminance  **.  Both  point  and 
extended  sources  have  to  be  taken  into  account  because  of  the  physical  size  of  highr 
-luminance  lights  and  the  relatively  small  visual-ranges  involved.  In  this  sitimtion 
neither  Kosmieder's  nor  Allard's  equation  (Uiddleton  W.B.K., i953)  can  be  assumed  since 
the  first  cne  takes  into  account  a black  object  and  the  second  one  a point  source  and 
a black  background.  The  equation: 


l-eat-syj  . ' (2) 

was  obtained  (Gazzi  M.  et  al.,l975)  whex'e  I is  the  light  intensity,  a the  extinction 
coefficient  in  the  observation  direction,  V the  light  visual  range,  the  sky  luminance 
on  the  horizon  in  the  observation  direction  and  m the  solid  angle  under  which  the  ob- 
server sees  the  light  at  a distance  V.  Equation  (2)  is  valid  by  day  and  by  ni^t  and 
takes  into  account  both  point  and  extended  sources  because  it  contains  the  Riccb's  law 
(Riccb  A.,  1877). 

When  the  source  is  a point  one  and  there  is  no  air-light  (Ly  ~ O)  equation 
(2)  becomes  the  Allard's  equation: 


where  E.  ^ »L  is  the  threshold  illvunination  of  the  pupil. 

tJ  X 

When  the  source  is  an  extended  one  m and  I can  be  expressed  as  a function 
of  the  area  A and  of  the  luminance  L of  the  source: 

» - -A. 

2 

'r 

I » LA 

eqvAation  (2)  becomes  the  well  known  equation  (Olivier  J.,  1955) 

^ exp  (-oV)  “ c 

% 


(4) 


(5) 


which  gives  the  visual  range  of  an  extended  light-source. 

* The  liuninance  contrast-threshold  may  be  obtained  from  the  experimental  graphs  of  Pig. 3 
(Blakwell  H.R.,  1946)  where  it  is  plotted  as  a function  of  the  sowce  angular  diame- 
ter and  the  backgrovtnd  luminance. 
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In  the  previous  equations  the  light  parameters,  I,  A and  L may  be  assumed  kno- 
wn and  Ii^  cEui  be  Independently  measured  by  means  of  a photometer  but  the  two  remaining 
parameters,  o and  «,  are  functions  of  V.  In  fact  a is  the  average  value  of  the  diffusion 
coefficient  over  the  range  0-V  in  the  observation  direction; 

o • ^ o(r)  dr  (6) 

and  « is  an  experimental  fxmction  of  w and  therefor*  through  equation  (5)  of  V.  In  this 
situation  a trial-and-error  procedure  has  to  be  adapted  for  the  computation  of  V.  An  ap- 
proximated analytical  expression  of  the  frrperimontal  graphs  of  Pig. 3 is  necessary  for  a 
practical  trial-and-error  procedure  and  this  is  one  of  our  main  goals  at  this  moment. 

3.  SIMJIATKD  LID  ah  SIGNATURKS  FOR  THE  ANALYSIS  OP  o EgTRACTION  METHODS 

Pour  models  of  atmosphere  were  considered  as  it  is  shown  on  Pig. 4 where  o is 
plotted  as  a fxmction  of  the  height  h.  The  first  three  graphs  were  obtained  with  the 
same  assumptions:  Only  Rayleigh  scattering  was  present  over  h = 4.5  km  and  the  visibi- 
lity at  ground  was  measured  by  a nephelometer  which  uses  the  Kosmieder  equation.  The 
following  visibilities  40,20, 10, 7. 5,5*1  Km  were  considered.  The  first  graph  shows  a nor- 
mal atmosphere  and  the  second  one  a tenperat\n*e  inversion  level  at,  h = 700  m.  Below 
the  inversion  the  following  equation  for  a lias  been  used  (Werner  Ch.,1972): 


o(U  ) 1 - \5  0.34 

^ ' <Tn^> 

where  u is  the  relative  umidity  which  was  assumed  to  be  40?(  and  80^  respectively  at 
ground  level  and  at  the  inversions  level.  The  third  graph  simulates  a cloud  between 
h «=  500  m and  h «=  800  m with  visibilities  of  500  m and  100  m inside  the  cloud.  The  last 
graph  represents  a fog  bank  which  reaches  a height  of  500  m with  visibilities  of  1000, 
500,  and  200  m inside  the  bank. 

Vftien  the  o graphs  where  obtained  the  backs nattering  coefficient  p was  calcu- 
lated by  means  the  relation: 


I 


(8) 


and  Bn  hipotetical  ruby  lidar  was  supposed  to  fire  at  elevation  angles  of  90°,  60®,  45®, 
30®,  15®.  The  lidar  eqxiation: 


P(R)  ■ -^^jexp  [-2  'o(h)  arjJ  . t^(H) 


(9) 


where  R is  the  range  from  the  lidar,  was  calculated  every  25  m up  to  1000  m.  The  Raman- 
Lidar  equation  for  Ng! 


k'fg(li) 


exp 


1^“  J o(h)  dr  -J~^ 


(10) 


was  also  calculated  with  the  assiunption  that  the  Ng  concentration  in  the  atmosphere 
depends  only  on  the  height  h and  is  given  bys 


« 4.94x10“'^  (fl^)  partAm.Sr 


(11) 


where  is  the  wavelength  at  the  Ramein  frequency  for  Ng  at  which  the  extinction  coef- 

ficient ii  c„. 

li 

The  extinction  coefficient  was  finally  computed  by  different  methods  from  the 
simulated  lidar  signatures  (9)  and  (10).  Poui’  methods  were  applied; 
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- The  " elope  method'*(!Collir(  R.T.  et  a0.ii,  1970) 

- The  **  ReiBeii  elope“niethod**  ( Hez*x*jaeiui  H«  et  alii^  1974 i 

- The  integral  eolutlon  of  the  lidar  equation  (Vieeee  V*.  et  alii,  1973) 

_ » aerosol-Ranan  ratio  uethod*  (Hermann  et  alii,  1974) 

and  the  following  quantitiee  wore  reapectively  computed: 


A en  B^(R) 

®B  " 2aR 

2 

for  the  slope  method,  with  B^(R)  ■ P,H)R  » 

A en  B^(R) 

°Hfl  " 2aR 

2 

for  the  Reumnralope  method,  with 


o^  « exp  aS(R) 


exp  [aS(r)ldr 


(12) 


(13) 


(14) 


for  the  integral  aolution,  with  S(R)  - 10  loglB^(R)/B^(Ro)J.  Ro  ^ ^ 

- o(R  ) and  a - 0.1'?  and  b - l .3  or  a - 0.23  and  b - 2.0  depending  from  which  of  the 
(8)  was  MBumed,  and 

“aH  ■ 0 ,43K  PjTbI 


for  tho  aeroeol-Raran  ratio. 

4,  DISCUSSION  OP  THE  DATA  ECTRACTED  FROM  THE  SIMOliAIHD  SIQNATURES 

The  results  of  the  simulation  procedures  were  both  printed  and  plotted;  for 
the  plotter  the  function  ao: 


AO 


100 


(16) 


where  o is  the  calculated  value  of  o and  o the  initial  one,  was  used  in  order  to  point 
out  the^diff erence  between  the  different  methods  (Pig. 5 to  13)» 

The  following  results  were  obtained; 

In  normal  atmosphere  and  high  visibility  at  the  ground  both  the  integral  solution  and  the 
aerosol- Raman  ratio  method  give  good  results,  while  tho  slope  method  and  the  Raman  slope- 
-method  give  values  of  a higher  than  the  assigned  ones.  In  order  to  better  understand 
this  fact  equation  (l2)  may  be  rewritten  as  follows; 

® 2aR 

When  o is  large,  the  linear  term  in  equation  (17)  grows  much  more  rapidly  than  the  lo- 
garitmic  one  which  can  be  omitted;  the  aero  happens  in  the  slope-Raman  equation.  Both 
slope  methods  become  valid  where  o is  large,  this  means  at  low  visibility-levels.  Under 
the  same  coi^ditions  tho  integral  method  tends  to  fail  giving  solutions  which  tend  to 
diverge.  This  divergence  is  not  due  to  limitations  of  tho  mathematical  solution  but  to 
a sistenatic  error  introduced  in  the  computation  of  the  integral;  in  fact  when  the  s^ 
pling  interval  was  reduced  to  12.5  m and  than  to  6.25  m tho  error  reduced  to  about  y2 
and  l/4  respectively.  In  actual  measurements  however  tho  sampling  interval  can  not  be 
arbitrary  reduced  because  of  the  bandwidth  of  tho  sampling  unit . 

Similar  considerations  can  be  done  for  tho  temperature-inversion  results.  In 


nppif 
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this  situation  the  slope  mothod  gives  negative  solutions  for  large  elevation  angles  since 
the  logaritmic  term  is  larger  than  - o(R).aR.  The  slope  method  can  not  be  applied  in 
these  sitmtions  while  it  tends  to  give  more  reasonable  results  when  the  visibility  and 
the  elevation  decrease. 


The  cloud  and  the  fog  bank  seem  to  be  more  complex  sitiiatj.cns . The  integral 
solution  seems  to  give  bad  results  in  the  presence  of  a sharp  discontinuity;  the  error 
becomes  smaller  but  still  significant  also  when  the  sampling  inteinAal  is  strongly  re- 
duced. The  two  slope  methods  presents  the  same  behaviour  as  in  the  previous  models. 

A method  which  always  gives  good  results  is  the  aerosol-Raman  ratio  method. 
This  fact  is  analytically  evident  since  equation  (15)  becomes  an  identity  when  the  ana- 
lytical expressions  (9)  and  (10)  are  substituted  to  P(R)  and  Pr^R)  under  the  assumption 
cf  c(694:i  A)  ~ o (8280  X).  It  can  be  underlined,  however,  that  xhis  is  the  only  method 
which  oem  in  a first  approximation  (Herrmann  H.  et  alii,  1974)  take  into  account  the  mul- 
tiple scattering.  The  aerosol-Raman  ratio  method  seems  to  be  the  best  for  o measurements 
bat  it  is  a quite  complicated  one  in  practice  because  of  the  low  level  of  Raman  signals. 


5. 


AW  APPROXIMATED  METHOD  POR  THE  CALCULATION  OP  TtiK  SLART  VISIBILITY 


In  addition  to  what  has  been  pointed  out  up  to  now  some  words  may  be  spent 
on  a new  method  for  the  celcvilation  of  the  slant  visibility  from  lidar  signatures,  '.’/hen 
a lidar  is  fired  into  the  atmosphere  the  light  is  backsoattered  into  the  receiver  from 
every  point  of  the  propagation  path.  Since  the  received  light  decreases  with  the  range 


thei'e  is  always  a range 
noise: 


R beyond  which  the  signal  csin  not  be  distinguished  from  the 


P(Rjj)  A 


(l8) 


where  A is  the  average  noise  power.  Prom  t)ie  lidar  equation  and  equation  (l8)  one  can 
obtain: 


r2 

m 


(19) 


With  the  assumption  of  ^ * constant,  which  is  the  same  approximation  done  in  the  " slope 
method"  , equation  (19)  can  be  written: 


0 


"(R_) 

m 


(20) 


where: 


C = I 


(21) 


and  finally: 


2r;  lp.i 


(22) 


In  order  to  make  a rapid  first-approximation  test  of  the  method  the  visibiDity  was  than 
computed  throi;igL  the  Kashmieder  equation: 


7.814  R_ 


(23) 


In  Fig.  14  Vjj  versus  R^^^  is  plotted  with  K corresponding  to  the  system  constant  of  the 
lidar  DPVIjR  V.  In  the  first  graph  a A was  considered  constant  and  equal  to  the  Rayleigh 


backsoattered  signal  at  a heigh  of  lOOOmf  in  the  second  one  an  average  value  of  f 
K 5.10”^  mTl  was  considered.  The  spreading  of  the  curves  is  small  in  both  cases  a 
method  should  give  good  results  at  least  for  low  visibility  levels. 


and  the 


We  carried  out  a first  experiment  on  September  23rd,  l975  with  the  lidar  firing 
at  an  elevation  angle  of  30°  (Pig.  15  ).  The  corresponding  data  of  an  integrating  nephelo- 
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meter,  an  infrared  radiometer  and  a eodrr  are  shown  on  Tfig,  16  . It  can  be  noticed  that 
the  obtained  values  of  visibility  are  very  close  to  those  given  at  ground  level  by 
integrating  nuphelometer. 

Since  n is  the  only  data  which  has  to  be  extracted  from  the  lidar  signature 
the  knowledge  of  ^e  near  field  signal  is  not  necessary.  This  is  an  intereiiting  advan- 
tage of  this  method  which  can  be  employed  also  for  the  procopsing  of  the  data  of  non- 
-monostatic  lidars  where  the  near  field  signal  is  absent  because  of  the  non  overlapping 
between  the  laser  beam  and  the  telescope  field  of  view. 

6.  C0NCLU5I0W5 

An  equation  was  introduced  for  the  calculation  of  the  actual  visual  range  in 
low-visihility  landing  operations.  This  equation  roquiree  the  knowledge  of  the  atmosphe- 
re extinction  coefficient  which  laay  be  deduced  from  Ildar  signatures. 

The  processing  by  different  methods  of  simulated  lidar-ei^piatures  has  shown 
that:  the  slope  method’'  ard  the  ” Raman  slope  method”  may  be  employed  when  the  visi- 
bility is  low  while  the  **  integral  solution  netiiod”may  be  eiiiployed  when  the  visibility 
is  not  too  low.  The  " aerosol- Raman-ratio  metliod”  gives  always  good  results.  Unfortuna- 
tely this  method  requires  the  analysis  of  lovr-level  Raman- signals  and  therefore  is  not 
a very  practical  one  but  may  be  a good  one  for  test  procedures.  The  method  introduced 
in  the  last  section  is  an  approximated  but  ver;'  simple  one  and  aeoms  to  be  very  usefull 
especially  from  the  point  of  view  of  uoasureinent  Qutomntisation. 

Two  main  problems  were  uot  solved  and  arc  our  main  goal  for  the  future.  The 
first  one  is  the  analytical  appi'oximation  of  the  curves  of  Rig.  3 and  the  second  one  is 
the  influence  of  multiple  scattering  on  the  lidar  signal. 
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Pig.  1 ExSi.iple  of  airport  lights.  Distances  in  metres. 
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Fig.  2 Vertical  section  of  the  landing  path.  A)  contact  point.  B)  First  light  bar 
C)  critical  point.  V) Point  of  the  glide  path  from  which  the  first  bar  is 
visible . 


3 Contrast  threshold  (e)  as  a function  of  the  source  angular  extention  in)  and 
background  luminance  L.. 
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fig.  6 Processing  of  normal-atmosphere  data  by  means  of  tho  slope  Raman  method.  Visi- 
bility at  grounds  40  km  (top)  and  1 km  (bottom). 
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SUMMARY 


The  earth'a  turbulent  atmoaphere  aeverely  limita  the  reaolutlon  of  conventional  ground  baaed 
teleacopea.  Methoda  of  reducing  thia  limitation  for  ground  baaed  teleacopea  include  poet  detection 
proceaaing  in  which  the  blurred  recorded  image  ia  proceaaed  to  extract  information  not  dlacernable 
to  the  human  vlaual  ayatem,  and  pre  detection  compenaation  in  which  the  wavefront  deformatlona  are 
dynamically  corrected  in  the  optical  ayatem  before  the  image  ia  recorded.  Thia  paper  preaenta 
computer  aimulatlona  of  both  of  theae  methoda.  The  aimulationa  demonstrate  that  the  poet  detection 
proceaaing  method  producea  only  moderate  improvement  in  reaolutlon  due  to  aignal  to  noiaa  limitationa 
while  the  pre  detection  method  gives  very  significant  improvements.  As  a part  of  the  simulations, 
techniques  of  generating  instantaneous  realiaations  of  wavefronts  deformed  by  atmospheric  turbulence 
and  their  corresponding  point  spread  functions  are  presented. 

1.  INTRODUCTION 

The  random  spatial  and  temporal  variationw  ofktdex  of  refraction  of  the  earth'a  atmosphere 
severely  limits  the  reaolutlon  of  large  diameter  ground  based  telescopes.  For  example  the  diffraction 
limit  of  a perfect  1.  5 meter  lens  in  the  absence  of  the  atmosphere  ia  on  the  order  of  . 1 arc  seconds 
(radius  of  the  Airy  disk)  at  nanometers.  With  the  earth'a  atmosphere  present  star  images 

very  seldom  reach  this  limit.  Instead  star  images  on  the  order  of  one  arc  second  are  typically  observed. 
Removal  of  this  resolution-limiting  degradation  is  a subject  of  great  interest  to  the  various  disciplines 
concerned  with  photographing  celestial  objects.  Ideally  one  would  eliminate  the  atmosphere  by  placing 
the  telescope  above  the  earth's  turbulent  atmoaphere.  While  this  approach  is  being  actively  pursued 
with  the  National  Aeronautics  and  Space  Administration's  Large  Space  Telescope  the  need  for  ground 
based  telescopes  will  continue  for  a variety  of  reasons,  and  the  need  to  remove  the  degrading  effects 
of  the  atmosphere  will  continue. 

Several  approaches  exist.  One  approach  is  post  detection  processing  in  which  the  image  is 
recorded  in  degraded  form,  then  scanned,  digitised,  and  processed  in  a digital  computer  to  enhance 
information  extraction  from  the  image.  This  approach  has  been  under  investigation  for  many  years 
but,  as  will  be  demonstrated  here,  is  of  limited  value  because  the  signal  to  noise  ratio  in  the  degraded 
image  does  not  permit  a significant  improvement  in  resolution. 

A more  promising  approach  currently  under  development  in  several  laboratories  is  pre  detection 
compensation  using  an  active  optical  system  which,  in  real  time,  senses  the  wavefront  deformations 
introduced  by  the  atmosphere,  and  corrects  these  deformations  by  means  of  a deformable  mirror  so 
that  the  recorded  image  is  largely  free  from  degradation. 

In  both  post  and  pre  detection  compensation  the  ultimate  goal  is  to  increase  the  amount  of 
information  which  can  be  extracted  from  an  object.  In  some  cates  it  is  difficult  to  formulate  an 
image  quality  parameter  which  can  measure  the  increase  in  image  information  extraction  based  on  the 
optical  system  alone.  This  it  because  the  Improvement  ii.  image  quality  depends  on  the  nature  of  the 
object  itself  and  on  the  kind  of  information  that  is  to  be  extracted  from  the  image. 

An  approach  to  the  problem  of  analysing  compensated  imaging  systems  performance  is  by 
computer  simulation  of  the  final  image  that  would  be  formed  by  the  sy.^tem.  Assessment  of  image 
quality  improvement  can  then  be  made  on  the  basis  of  analyzing  this  image  in  terms  of  the  particular 
kind  of  information  that  is  desired  from  it.  In  addition  the  simulation  approach  is  useful  for  verifying 
results  of  analysis  and  for  optimizing  system  design  in  those  cases  where  tractable  analytical  models 
cannot  be  formulated. 

This  paper  will  present  the  procedures  used  in  simulating  both  pre  and  post  compensated  images 
recorded  through  the  turbulent  atmosphere  and  will  show  examples  of  these  procedures. 


This  work  was  sponsored  by  the  Defense  Advanced  Research  Projects  Agency  and  the  Air  Force  Systems 
Command,  Rome  Air  Development  Center. 
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Slmulatloa  of  th«  wavofront  •ntorlai  th«  optical  iyatatn  la  a Kay  alomant  of  tha  ovarall  aimulatlon 
approach.  Glvan  tha  wavefront  or  wavafroata,  tha  raaponaa  to  tha  wavefront  by  tha  optical  ayatam  can 
than  be  computed. 

Conaldar  a point  aourca  at  a great  dlatanca  from  tha  earth  ao  that  a wave  anter'^ng  tha  atmoaphare 
can  be  conalderad  to  be  a plana  wave.  After  travaralng  through  the  atmoaphare  tha  wa  re  will  no  longer 
be  plana  but  will  have  an  amplitude  and  phaaa  dlatrlbutlon  acroaa  tha  lent.  In  thla  paper  we  will  conaldar 
only  phaaa  dlatrlbutlun  alnce  tha  phaaa  varlatlona  acroaa  tha  wavefront  are  tha  dominant  Image  degrading 
component. 

2. 1 Generation  of  Wavafronta. 

One  way  of  daacrlbing  tha  phaaa  atatlatlcally  la  by  meana  of  Ita  power  apectrum.  For  atinoapherlc 
turbulence  a apatlal  powar  apectrum,  commonly  uaad  la  tha  Kolmogorov  apectrum  which  haa  the  form 
of 


N I 


♦(f)  = Cf'“'"  (1) 

where 

f « apatlal  frequency,  cyclea/metar. 

C B la  a conatant  dependant  upon  turbulence  atrength  and  wavelength. 

The  method  of  generating  an  Inatantanaoua  phaaa  map  ualng  tha  above  power  apectrum  la  baaed  on  the 
following  aaaumptlona; 

1)  Tha  modulua  of  tha  Fourier  tranaform  of  th  . phaaa  map  la  a random  variable.  At  any  given 
frequency  the  modulua  la  a Rayleigh  r>^ndom  variable  with  aero  mean  over  an  enaembla  average 
and  with  a variance,  over  an  maemble  average,  equal  to  the  value  of  the  Kolmogorov  power 
apectrum. 

2)  Tha  phaaaa  of  the  Fourier  tranaform  of  tha  phata  map  are  Independent  with  frequency,  uniformly 
randomly  distributed  In  the  -w  to  +ir  Interval. 

Baaed  on  these  assumptlona  tha  following  procedure  la  used  to  generate  the  phase  map. 

1.  A compl^'ic  array  of  G&usslan  random  numbera  la  generated.  The  array  represents  the  spatial 
frequency  domain  for  the  phase  map. 

2.  The  array  Is  multiplied  by  the  squarr  root  of  the  power  spectrum,  (since  we  are  at  this 

point  working  with  ampl'*uc''  a rather  than  power). 

3.  This  array  is  subjected  to  a discrete  Fourier  transform. 

4.  The  resulting  complex  array  Is  separated  into  its  real  and  Imaginary  components.  Each  of  these 
arrays  represent  an  ladcpendeut  Instantaneous  phase  map  reallaftion. 

The  left-hand  pictures  in  Fig  ire  1 shows  the  result  of  the  above  process  for  three  separat'.  realisations. 
Note  the  cloud  like  appearance  of  the  ph.\te  maps. 

Another  statlatlcal  parameter  assorlx.r^d  with  the  phase  map  la  ita  structure  funcfon,  defined  as 


D {r)»<^<s(r')  .^(r'  r)j*> 


The  structure  function  la  the  ensemble  variance  of  the  phase  difference  between  two  points  on  the  wave- 
front  separated  by  the  vector  r.  In  a medium  with  uniformly  varying  refractlvt.  Index  structure  constant, 
Cn  , the  Kolmogorov  spectrum  can  be  shown  to  have  a phase  structure  function  of  (Tatarskl,  V.I.  ,1961) 


(a)  da  (radians^). 


The  conditions  of  validity  of  this  equation  are  r and'^XH  » Jf^  where  la  the  Inner  scale 

of  the  turbulence. 


The  structure  function  can  be  written  as 

I r 

D^(r)-6.88 


.»  f -2._,  ...13/5 
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Th«  pAramater  tg  !■  a length  fraquantly  uaad  to  charactarlae  the  atrangth  of  atmoapharlu  turbulanca 
with  raapact  to  tha  parformanca  of  optical  ayatama.  A median  value  of  fur  night  tlnia  aaaing  haa 
baan  computed  to  be  on  tha  order  of  , 1 matara  (Fried,  D.  L. , 1974).'*' 

Tha  atructura  .^unction  Pp(r)  and  tha  covariance  function  C(r)  of  a phaae  map  can  aaaily  be 
ahown  to  be  related  by 

D (r)  = Z [c  (0)  - C (r)l  , (5) 

tP  I tp  Vi 

where  the  covariance  ia  defined  aa 

C (r)  »<ri(r')  tp(r'  + r)>.  (6) 

tP 

Tha  covariance  function  la  alao  the  Fourier  tranaform  of  the  power  apectrum  of  the  phaae  map,  Thua 
by  applying  the  diacrete  Fourier  tranaform  to  the  phaae  power  apectrum,  the  phaae  atructura  function 
can  be  completed  by  uae  of  Eq.  (5),  The  reaulta  of  doing  thia,  uaing  the  pg'^ei-  apectrum  ia 

ahown  in  Figure  2 aa  a function  of  r/L  where  L,  la  the  interval  uaed  in  the  apatial  domain  of  the  Fourier 
transform.  Here  It  can  be  aeen  that  the  calculated  atructura  function  deviatea  aignificantly  from  the 
theoretical  alope  of  5/3  for  large  r/L.  Thia  ia  due  to  the  fact  that  the  Kolmogorov  apectrum  aaaumes 
an  infinite  outer  scale  while  the  method  of  generating  the  phaae  maps  imposes  an  artificial  outer  scale 
of  L,  since  no  frequencies  lower  than  1/L  exist  in  the  Fourier  transform. 

The  outer  scale  of  L imposed  by  the  discrete  Fourier  transform  method  can  be  shown  to  cause 
errors  mainly  in  the  average  and  tilt  components  of  phase  across  the  phase  map.  Thia  ia  illustrated 
in  Figure  3 which  shows  phase  variance  aa  a function  of  distance  from  the  center  of  a circular  pupil 
with  Ae  piston  (average)  and  piston  and  tilt  components  of  phase  subtracted.  Compared  in  this  figure 
are  the  reaulta  of  a computer  simulation  in  which  the  diameter  D of  the  pupil  was  L/4,  and  analytic 
results  based  on  the  Kolmogorov  apectrum  widi  piaton  and  tilt  removed.^  With  both  piston  and  tilt 
components  removed  from  the  Initial  wavefronts  the  results  are  very  nearly  equal  apart  from  a scaling 
error  of  approximately  15%.  The  piston  component  of  phase  is  of  no  '-tereat  and  the  tilt  component 
for  short  time  exposures  affects  only  position  of  the  image  formed  b'  ne  telescope.  Thus,  while  the 
phase  simulation  technique  does  presently  exhibit  limitations,  it  ie  e..tirely  adequate  for  the  simulation 
of  short  time  exposure  images.  In  addition,  thia  limitation  is  only  temporary  as  there  ai-e  several 
methods  mder  development  by  which  the  lower  spatial  frequencies  can  be  added  to  the  phase  nvap  to 
restore  the  proper  shape  to  the  structure  functilon. 

2.  2 Generation  of  Point  Spread  Functions. 

The  point  spread  function  is  the  irradiance  distribution  in  the  image  plane  of  the  telescope  using 
a point  source  at  infinity  as  an  object.  It  is  useful  in  simulating  the  image  of  an  extended  object  in  that 
if  the  object  is  incoherently  illuminated  and  the  point  spread  function  is  invariant  over  the  angular  field 
of  view  of  the  object,  then  the  image  can  be  simulated  by  convolving  the  point  spread  function  with  the 
radiance  distribution  of  the  object. 

Let  the  (u,v)  be  the  pupil  plane  coordinates  and  (x,  y)  the  image  plane  coordinates.  Given  the 
instantaneous  (diase  map  at  a wavelength  of  X,  ^(u,v,X).  we  can  compute  the  path  length  difference  map, 
/(u,v),  from 

The  coherent  point  spread  function,  s(x,y,X)  at  any  wavelength  can  then  be  computed  from 


2ffj(i(u.v)  I 

p(u,v)  e ^ > , (8) 

where  F is  the  Fourier  transform  operation  and  p(u,v)  is  the  pupil  function  of  the  telescope.  This  step 
is  based  on  the  fact  that  under  appropriate  conditions  (i.  e.  small  angle  conditions)  there  is  a Fourier 
transform  relationship  for  coherent  light  between  the  pupil  plane  and  the  image  plane  except  for  a 
quadratic  phase  factor  (Goodman,  J.  L. , 1968),  The  quadratic  pnase  factor  is  of  no  concern  here 
since  it  is  lost  when  the  Intensity  point  spread  function  S(x,y),  is  computed  from 

S(x,y,X)  = |s(x,y,X)|  ^ . (9) 

The  point  spread  function  for  all  wavelengths  is  then  given  by 


S(x,y)  = k Z F(X)S(x,y,X)  , 
^ X 


(10) 


* Dr.  Darryl  p.  Greenwood,  Rome  Air  Development  Center,  private  communication. 
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wh«r«  F(X)  !■  * waightlng  function  which  li  % product  of  the  epectrkl  dietrlbuUon  of  the  eource  power, 
the  etmoepher^c  trenemlttence  end  the  Imege  aeneor  eeneltlvlt/,  end  k2  !■  e normellelng  fector  which 
mekee  the  everege  velue  of  S(r,  y)  unity  over  the  errey.  An  eddltlonel  fecvor  not  ehown  In  Eq.  (10)  which 
muet  be  considered  in  elmuletlng  the  polychrometlc  point  epreed  function  !■  thet  the  enguler  ecele 
eteocleted  with  S(x,  y,X),  ee  computed  from  Eqe.  (8)  end  (9)  using  e discrete  Fourier  trensform,  chenges 
wlthX.  Thus  In  Eq,  (10)  the  S(x,y,X)  erreys  must  be  spetlelly  megnlfled  proportlonel  toX  before  the 
summetlon  Is  performed. 

Point  spreed  functions  for  monochrometic  light  for  three  phese  meps  ere  shown  In  Figure  I.  The 
generetlon  of  e polychrometlc  point  spreed  function  le  demonstretud  in  Figure  4. 

3.  SIMULATION  OF  DEGRADED  IMAGES 

As  mentioned  In  Section  2.  2 the  degreded  Imege  which  would  be  present  in  the  Imege  plene  cen  be 
simuleted  by  convolving  the  Intensity  point  spreed  function  with  the  redlence  mep  of  the  undegreded  object, 
subject  to  tho  conditions  thet  the  point  spreed  function  is  Invsrlent  over  the  object  end  thet  the  object  is 
lllumlneted  by  Incoherent  light.  Whether  the  first  condition  Is  setlsfied  depends  on  the  reletlve  else  of  the 
object  end  the  Isoplenetlc  region,  tho  letter  being  e non  rigorous  term  for  the  region  over  which  the 
point  spreed  function  Is  neerly  constent.  The  sine  of  the  isoplenetlc  region  depends  both  on  the  vertlcel 
distribution  of  ^e  turbulence  end  the  entrecce  papU  dlemeter.  For  turublence  et  the  entrence  pupil  the 
Isoplenetlc  region  is  unlimited.  For  turbulence  et  high  eltltudes  ( > ten  kilometers)  end  a 1,  !>  meter 
entrence  pupil  diameter  the  isoplenetlc  region  is  on  dte  order  of  ten  ere  seconds  or  less.  The  second 
condition  of  Incoherent  illumlnetion  Is  setlsfied  for  eun  lllumlneted  objects. 

The  convolution  process  is  mathemetlcelly  described  by  Eq.  (11)  where  H(x,y)  is  the  Image  plane 
U-rediance  in  the  absence  of  turbulence  end  diffraction  and  Hj^(x,y)  is  the  degraded  image. 

Hj^(x,  y)  » II H(x,  y)  S(x-x',  y-y')  dx'  dy'  (11) 

In  practice  the  convolution  process  Is  more  easily  done  in  the  Fourier  trensform  domain; 

Hj3(x,y)  = F"^{F[H(x,y)]  . F [s(x.y)]  j (12) 

where  F end  F*^  ere  the  Fourier  trensform  end  Inverse  trensform  operatorc. 

In  addition  to  the  turbulence  and  telescope,  the  sensor  also  degrades  the  Image,  Ideally  the 
sensor  Imposes  only  quantum  noise  on  the  recorded  image.  In  practice  the  sensor  sometimes  additionally 
blurs  the  imege  and  adds  noise  not  directly  related  to  the  light  field.  However,  by  suitable  selection  of 
the  sensor  these  effects  cen  be  minlmieed.  Here  we  assume  that  the  sensor  is  ideal  so  diet  the  re- 
corded Image,  H-(x,y),  cen  be  expressed  as 
R 

Hj^(x,  y)  = Hjj(x,  y)  + N(x,  y) 

where  N(x,y)  describes  a noise  array.  For  the  ideal  sensor  N(x,y)  is  a sample  from  a Poisson  noise 
distribution  which  et  any  given  (x,y)  coordinate  has  a mean  and  variance  proportional  to  H^(x,y). 

Figure  S Illustrates  the  simulation  of  the  degraded  image.  The  object  chosen  for  the  simulation 
is  a section  of  the  moon's  surface  photographed  from  the  Apollo  17  commend  module.  The  bar  represents 
the  distance  subtended  by  a one  arc  second  angle  from  the  earth.  Also  shown  Is  the  eppeerr.r"**  of  the 
Image  due  to  diffraction  of  the  telescope  alone,  the  polychrometlc  point  spread  function  (which  IncludOb 
telescope  pupil  effects)  end  the  convolution  of  the  undegreded  Image  and  the  point  spread  function,  which 
results  in  the  degreded  image.  Finally  the  recorded  image  with  sensor  noise  Is  shown.  The  noise  has 
Poisson  characteristics  based  on  the  mean  number  of  photoelectrons  pbr  resolution  element  for;  solar 
Irrediance,  a spectral  atmospheric  transmittance  corresponding  to  one  air  mass,  a telescope  trans- 
mittance of  .75,  a sensor  sensitivity  corresponding  to  anS20  photocathode,  an  exposure  time  of  1/1000 
second,  and  a 1.  5 meter  diameter  telescope.  In  the  picture  the  noise  is  easily  not  dlscernable.  However 
the  noise  is  present  and  will  manifest  itself  when  Image  restoration  techniques  are  applied. 

4.  POST  DETECTION  PROCESSING 

Post  detection  processing  refers  to  processing  done  on  an  image  after  it  has  been  recorded. 

The  basic  steps  when  digital  computer  processing  is  used  consists  of  digitising  the  image,  applying 
the  appropriate  processing  algorithms,  and  displaying  the  final  result  or  data  in  some  suitable  form. 

Many  possible  approaches  can  be  taken  (Harris,  Sr. , J.  L.  1964,  1966)  but  the  one  to  be  used  here  is 
the  deconwolutlon  approach  in  which  the  goal  of  the  processing  is  to  make  the  final  image  visually  look 
like  the  object  (McGlamery,  B.  L.  , 1967).  Simply  stated,  given  the  degraded  image  and  tire  point 
spread  function,  determine  the  undegraded  Image.  This  approach  assumes  that  the  Instantaneous  point 
spread  function  is  known.  While  In  practice  it  may  be  difficult  to  know  the  instantaneous  point  spread 
function,  we  will  assume  that  It  Is  known.  The  limitation  to  this  approach,  and  in  fact  all  approaches, 
is  the  quantum  noise  in  the  recorded  image.  This  noise  limits  the  extent  to  which  the  Image  can  be 
deconvolved. 
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Ai  »n  example,  the  degredeH  Image  of  Flgur,.  h4s  been  jubjected  to  a least  squares  pi  >"lng 

algorithm  (Helstrom,  C.  W.  , 19t>7)  modified  to  accou.tt  fc  r lack  of  knowledge  of  the  spatial  powt  pectrum 

of  the  undegraded  Image.  The  processed  Image,  Hp(x,y),  is  ubta  ..?*d  fro** 


Hp(x,y)  » F 


-1 


F[H^(x.y)] 

^ 

[S(x,y)]  I 1 + 


J 


F[s{x,y)]f  G J 


where  cr^  Is  the  spatial  noise  power  spectrum  and  G is  a function  which  approximates  the  power  spectrum 
of  the  undegraded  image,  Figure  b shows  the  result  of  the  processing.  The  processed  Image  la  improved 
over  the  degraded  Image  but  falls  far  short  of  the  diffraction  limited  image.  Also  shown  are  the  degraded 
and  processed  Images  for  exposure  tlmas  of  1/100  and  1/10  seconds.  In  each  case  the  atmosphere  Is 
assumed  to  be  froeen.  In  actuality  the  turbut<'nce  changes  rapidly  so  that  the  l/lOO  and  1/10  second  ex- 
posures would  contain  time  averaging  of  t)'  image.  Time  averaging  increases  the  degradation  of  tlie 
Image.  Thus  the  increase  In  Image  slgnai  i.i  nolee  ratio  Is  offset  by  the  Increase  In  image  degradation. 
This  Illustrates  a fundamental  limitation  a\  post  detection  procetislng  as  applied  to  turbulence  degrsded, 
sun  illuminated  objects. 


5.  PRE  DETECTION  COMPENSATION  SYSTEMS 

An  alternate  approach  to  the  problem  of  eliminating  turbulent  effects  Is  to  correct  the  wavefront 
prior  to  recording  the  image.  This  technique  was  suggested  over  twenty  years  ago  (Babcock,  H.W.  ,1953) 
but  has  received  serious  attention  only  recently.  Theoretical  analyses  (Dyson,  F.  J.  , 1975)  and  computer 
simulations  demonstrating  concepts  (Muller,  R.A. , and  Buffington,  A.  , 1974)  have  been  published.  The 
contribution  of  this  paper  is  to  present  simulations  based  on  typical  Imagery  and  actual  flux  levels  that 
will  be  encountered  with  sun  illuminated  objects. 

5,1  System  Description. 

Figure  7 shows  the  essential  components  of  a pre  detection  compensation  system.  Light  from 
the  telescope  objective  is  recollimated  and  reflected  cff  a deformable  corrector  mirror.  Part  of  this 
light  is  reflected  Into  a wavefront  sensor  which  detects  the  wavefront  deformations  introduced  by  tlie 
atmosphere.  The  output  from  the  wavefront  sensor  is  processed  by  a data  processor  which  determines 
the  necessary  signals  to  be  fed  to  the  deformable  mirror  to  cancel  out  the  wavefront  deformations. 

Thus  the  system  is  a closed  loop  servo  system.  The  remaining  flux  is  directed  to  the  image  sensor  to 
form  die  final  image. 

The  wavefront  sensor  can  be  implemented  in  a variety  of  ways.  Most  approaches  measure  the 
slope  of  the  wavefront  over  an  array  of  sample  points.  The  data  processor  then  converts  the  slopes  in- 
to the  required  phase  corrections.  The  shearing  interferometer  and  the  quadrant  detector  appear  to  be 
two  of  the  more  promising  wavefront  sensors.  The  shearing  interferometer  (Wyant,  J.C.  , 1974)  has 
two  channels,  one  for  u and  the  other  for  v,  in  which  the  wavefront  is  sheared  and  allowed  to  interfere 
with  itself.  An  array  of  detectors  measures  the  intensity  of  the  interference  field.  The  phase  of  the 
sheared  wave  is  temporally  modulated  so  that  an  alternating  signal  is  obtained  from  each  detector.  The 
phase  of  this  signal  is  proportional  to  the  slope  of  the  wavefront  over  the  shear  distance.  The  phase  at 
each  detector  in  both  channels  is  measured,  thus  providing  the  necessary  input  to  the  data  processor. 

The  quadrant  detector  approach  uses  an  array  of  small  sub  apertures  at  an  image  of  the  pupil  plane  (or 
at  some  point  sutside  the  telescope).  Each  sub  aperture  has  a lens  which  images  onto  a quadrant  de- 
tector. The  image  is  essentially  a sub  aperture-diffraction  limited  image  of  the  object,  shifted  by  the 
slope  of  the  wavefront  across  the  sub  aperture.  The  quadrant  detector  outputs  allow  this  shift  to  be 
measured  in  both  u and  v directions,  thereby  providing  an  estimate  of  the  wavefront  slope  at  that  point. 

The  data  processor  can  take  several  forms.  For  the  purpose  of  the  simulations  here,  it  will 
consist  of  a device  which  makes  a simple  least  squares  estimate  of  the  wavefront  path  length  differences 
based  on  the  slope  measurements. 


The  wavefront  corrector  can  be  a segmented  mirror  or  a deformable  mirror.  In  the  case  of  a 
segmented  mirror  each  segment  can  be  moved  in  a piston  mc'uon,  thus  requiring  one  actuator  per  seg- 
ment, or  can  be  moved  in  piston  and  tilt,  thus  requiring  3 actuators  per  segment.  In  a deformable 
mirror  the  mirror  is  continuous  but  is  actuated  by  piston  type  actuators.  The  continuous  mirror  pro- 
vides an  interpolation  function  which  smooths  out  tiie  inputs  to  the  actuators.  The  shape  of  this  interpolat- 
ing function,  called  the  mirror  function,  can  be  adjusted  by  design  of  the  mirror,  the  actuator  shape  and 
spacing. 


The  effect  of  compensating  a wavefront  using  a segmented  mirror  with  piston  drive  is  illustrated 
in  Figure  8.  In  this  simulation  it  was  assumed  that  the  average  phase  over  each  piston  element  was 
known  exactly  and  was  subtracted  from  the  original  wavefront.  The  residual  errors  in  the  compensated 
wavefront  are  then  due  to  the  variations  of  the  original  wavefront  about  the  mean  wilue  within  each  piston 
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5,  2 Number  of  EUmonta. 

A critical  parameter  In  a companaatad  imaging  syatam  !■  tha  number  of  aample  pnlnta  and 
actuators  required  on  tha  wavefront  sensor  and  corrector.  From  the  standpoint  of  being  able  to 
measure  and  correct  the  deformations  of  the  wavefront  with  sufficient  resolutioni  a large  number  of 
elements  is  desirable.  To  determine  the  number  of  elements  required  for  good  compensation,  a 
computer  simulation  experiment  was  performed  in  which  the  Strehl  raMo  of  the  compensated  po*nt 
spread  function  was  computed  as  a function  of  the  number  of  degrees  of  freedom,  which  is  the  number 
of  actuators  required  on  the  mirror.  The  Strehl  ratio  is  the  ratio  of  the  peak  value  of  the  compensated 
point  spread  function  to  the  peak  value  of  the  diffraction  limited  point  spread  function.  A value  of  unity 
would  correspond  to  perfect  compensation.  A value  well  below  .1  is  usually  encountered  in  uncompensated 
point  spread  functions.  The  experiment  was  performed  for  three  levels  of  turbulence  corresponding  to 
r values  of  . 043,  , 086,  and  .172  meters.  For  the  segmented  mirror  with  piston  correction  the  average 
phase  over  eac'a  segment  was  subtracted  from  the  original  wavefront.  For  the  segmented  mirror  with 
piston  and  tilt  correction  a least  squares  fit  of  a plane  was  made  to  the  phase  within  each  segment  and 
this  plane  was  subtracted  from  the  original  wavefront  over  each  segment.  For  the  deformable  mirror 
the  average  phase  over  a square  equal  to  the  actuator  spacing  was  used  as  the  correcting  phase  for  the 
actuator,  and  the  correction  process  was  Iterated  four  times  to  converge  on  the  required  correction. 

In  all  cases  8 different  wavefront  realisations  were  used  to  obtain  e statistically  significant  result. 

The  results  of  the  simulation  are  shown  in  Figures  9,  10  and  11  for  piston,  piston  and  tilt,  and 
deformable  mirror  corrections  respectively.  Assuming  tha*^  a Strehl  ratio  of  . 7 is  desired  for  good 
imagery  and  taking  the  value  of  r^  of  ,086  meters  as  being  close  to  typical,  the  required  number  of 
degrees  of  freedom  are; 

piston  ...  900  degrees  of  freedom 

Piston  and  Tilt  ~ 300  degrees  of  freedom 

Deformable  Mirror  ~ 200  degrees  of  freedom 

These  results  show  that  a deformable  mirror  with  a Gaussian  mirror  function  requires  the  fewest 
number  of  elements  for  a given  level  of  performance  and  that  the  number  of  elements  required  is  on 
the  order  of  several  hundred. 

The  curves  just  described  are  related  to  die  ability  of  the  system  to  spatially  resolve  the  wave* 
front  deformations.  They  do  not  include  measurement  error  of  the  wavefront  sensor  due  to  quantum 
noise.  The  output  of  a single  detector  in  the  wavefront  sensor  contains  a signal  proportional  to  wave> 
front  slope  and  noise  due  to  the  shot  effect  of  the  photoelectrons.  As  the  number  of  elements  lucreases, 
the  flux  available  for  a single  detector  decreases.  The  signal  to  noise  ratio  at  each  detector  then  de* 
creases  as  the  number  of  elements  increases.  Thus  these  are  two  opposing  trends;  increasing  the 
number  of  elements  improves  the  ability  to  resolve  the  wavefront  deformations  but  at  the  same  time 
increases  wavefront  measurement  error.  Analysis  has  shown  that  for  a given  set  of  target  and  system 
conditions  there  is  an  optimum  number  of  elements  for  which  the  error  in  the  compensated  wavefront 
is  a minimum.  The  number  of  elements  is  in  the  range  of  200  to  400  for  typical  sun  illuminated  objects, 

5,3  Simulation, 

In  order  to  demonstrate  its  effectiveness,  a pre  detection  compensated  imaging  system  has  been 
computer  simulated.  The  simulatlo.i  used  a shearing  interferometer  as  wavefront  sensor  and  a deformable 
mirror  with  a (1-ar^)^  mirror  function.  The  slmulatior  consisted  of  the  following  steps; 

1.  Shifting  and  differencing  the  wavefront  in  u and  v and  sampling  the  result  to  obtain  an 
u and  V array  of  shear  values. 

2.  Compvting  the  actuator  drives  from  the  shear  values  by  use  of  an  iterative  relaxation 
algorithm  which  computes  phase  values  from  the  shear  values, 

3.  Convolving  the  actuator  drives  with  tite  mirror  function  to  give  the  mirror  correction. 

4.  Subtracting  the  mirror  correction  from  the  original  wavefront  to  give  the  corrected 
wavefront. 

5.  Using  the  corrected  wavefront  as  an  input  to  step  1 and  repeating  the  steps  1 through 

4 for  4 iterations.  This  procedure  is  necessary  to  get  the  system  initially  converged. 

6.  Adding  noise  to  the  converged  wavefront  slopes  by  an  amount  obtained  from  a signal  to 
noise  equation.  The  noise  is  a function  of  the  number  of  photoelectrons  generated  at 
the  detector  in  a measurement  period  and  the  mutual  coherence  function  associated  with 
the  object.  The  noisy  shear  values  were  then  used  as  the  input  to  step  2 and  steps  2,  3 
and  4 were  repeated. 

7.  The  corrected  wavefront  from  step  4 was  then  used  to  compute  the  compensated  point 
spread  function. 

8.  The  compensated  point  spread  function  was  convolved  with  the  undegraded  image. 


9. 


Poisson  shot  noise  was  added  to  the  final  image  in  proportion  to  the  amount  of  flux 
directed  towards  the  sensor  by  the  beam  divider. 
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Parameters  used  in  the  simulation  are  as  follows.  Object;  sun  illuminated  Lunar  surface  with  the 
photometric  parameters  adjusted  to  give  an  albedo  (reflectance)  of  approximately  10%  on  the  planes 
and  30%  on  the  crater  edges;  atmospheric  transmittance  associated  with  one  air  mass;  telescope 
transmittance  of  .75,  optical  efficiency  of  wavefront  sensor  of  50%  (25%  into  each  channel);  quantum 
efficiency  of  detectors  of  10%;  and  a 50/50  beam  divider. 

The  results  of  the  simulation  are  shown  in  Figure  12  for  exposure  times  of  1/1000,  1/100,  and 
1/10  of  a second  assuming  a frosen  atmosphere.  As  in  the  case  of  post  detection  processing,  caution 
must  be  used  in  interpreting  the  results  for  1/100  and  1/10  second  since  the  atmosphere  may  change  in 
this  time  period.  Comparison  to  the  post  detection  processing  results  in  Figure  6 demonstrates  that 
pre  detection  compensation  produces  a much  better  image  for  the  equivalent  exposure  time. 

The  problem  cf  isoplanatism  has  not  been  discussed  with  respect  to  pre  detection  compensation. 
The  isoplanatic  region  for  pre  detection  compensation  may  be  much  smaller  than  for  post  detection 
compensation.  The  manner  in  which  the  limited  isoplanatic  region  can  ba  extended  is  unresolved  at 
the  present  and  is  a subject  for  consideration  in  the  design  of  a pre  compensated  system. 

6.  CONCLUSIONS 

Computer  simulation  is  a useful  technique  for  analysis  of  turbulence  degraded  wavefronts  and 
their  effect  on  the  images  formed  by  optical  systems.  The  simulations  shown  here  demonstrate  the 
potential  advantage  of  pre  compensating  the  wavefront  prior  to  recording  the  image  as  opposed  to  post 
detection  correction  of  the  image  itself.  Since  ^e  same  amount  of  flu^  is  available  in  both  cases,  the 
result  implies  that  useful  information  is  irretrievably  lost  in  the  rCv.ording  process.  Presumably  this 
lost  information  is  associated  with  the  electromagnetic  phase  of  the  atmosphere  which  is  not  captured 
in  the  recorded  image. 


Acknowledgment 

The  author  is  Indebted  to  Dr.  Donald  Silva  for  providing  the  pre  compensated  wavefronts  used 
in  the  simulation  of  the  pre  compensated  system. 


REFERENCES 

Babcock,  H.  W. , 1953, "The  Possibility  of  Compensating  Astronomical  Seeing",  Astronomical 
Society  of  the  Pacific,  Vol.  65,  No.  386,  Oct.  1953. 

Dyson,  F.  J.,  1975,  "Theory  of  Optical  Image  Improvement",  Stanford  Research  Institute, 
Technical  report  JSR-73-11. 


i:  ! 


3. 

4. 

5. 

6. 

7. 

8. 


Fried,  D.  L. , 1974,  Evaluation  of  r^  for  Propagation  Down  Through  the  Atmosphere,  Applied 
Optics,  13,  2620. 

Goodman,  j.  W.,  1968,  "Introduction  to  Fourier  Optics",  p 85,  McCraw  Hill  Company,  San 
Francisco. 

Harris,  Sr.,  J.  L. , 1964,  "Resolving  Power  and  Decision  Theory",  J.  Opt.  Soc.  Am.  606. 

Harris,  Sr.,  J.  L, , 1966,  "Image  Evaluation  and  Restoration",  J.  Opt.  Soc.  Am.  W,  569. 

Helstrom,  C.  W. , 1967,  "Lnage  Restoration  by  the  Method  of  Least  Squares",  J.  Opt.  Soc.  Am. 
297. 

McGlamery,  B,  L. , 1967,  "Restoration  of  Turbulence  Degraded  Images ",  J.  Opt.  Soc.  Am,  57, 
293. 

Muller,  R.  A.,  and  Buffington,  A.,  1974,  J.  Opt.  Soc.  Am.  _64,  1200. 

TatarsM,  V . I.  , 1961,  "Wave  Propagation  in  a Turbulent  Medium",  p 170,  Dover  Publications, 
Inc. , New  i ork, 

Wyant,  J.  C.,  1974,  Appl,  Opt,  J3,  200, 


u. 


36-8 


Figure  1.  Computer  simulated  phase  maps  and  their  point  spread  functions.  Top  row:  three  instan- 
taneous realizations  of  the  phase  map  at  an  entrance  pupil  due  to  turbulence  with  fH/3  power  spectrum. 
Background  brightness  outside  aperture  represents  zero  phase,  lighter  represents  positive  phase, 
darker  represents  negative  phase.  Bottom  row:  point  spread  functions  associated  with  the  phase  maps, 
S -rength  parameter,  r^^  = . 1 meters , at  X = 550  nanometers.  Pupil  diameter  = 1.  5 meters.  Bar  indicates 
one  arc  second.  Strehl  ratios  = .018,  . 032,  ,024.  128  x 128  array. 
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Figure  4.  Coraputer  simulation  of  a polychromatic  point  spread  function  using  the  phase  map  of  Figure 
la.  1^0=  • 1 meter  at  550  nanometers.  Bar  indicates  one  arc  second.  128  x 128  array. 


a)  Monochromatic  point  spread  function,  X = 400  nm 

b)  Monochromatic  point  spread  function,  X = 500  nm 

c)  Monochromatic  point  spread  function,  X = bOO  nm 

d)  Monochromatic  point  spread  function,  X = 700  nm 

e)  The  polychromatic  point  spread  function  formed  from  a spectrally  weighted  sum  of  seven 
monochromatic  point  spread  functions  in  the  range  of  400  to  700  nanometers. 


a)  A portion  of  the  Moon's  surface  from  Apollo  17  photography. 

b)  Simulated  diffraction  limited  image  from  Earth-based  telescope  of  1.  5 meter  diameter, 
X = 550  nanometers. 

c)  Simulated  polychromatic  atmospheric  point  spread  function. 

d)  Degraded  image  formed  by  convolution  of  a)  and  c). 

e)  Poisson  noise  added  to  d)  for  S(20)  photocathode,  1/1000  second  exposure. 
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Figure  6.  Poet  detection  processed  images,  using  modified  least  squares  filter  and  full  knowledge  of 
point  spread  function.  Frosen  atmosphere  assumed. 

a)  l/lOOO  second  exposure  image  processed, 

b)  1/100  second  exposure  image  processed. 

c)  l/lO  second  exposure  image  processed. 
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Figure  7.  Componenta  of  a pre  detection  compensated  imaging  system. 


Figure  8.  Example  of  wavefront  compensation  using  a segmented  mirror 

a)  Phase  map. 

b)  Phase  map  represented  by  piston  displacements. 

c)  Residual  wavefront,  difference  between  a)  and  b). 
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Figure  9.  Strehl  ratio  varauc  degree*  of  freedom  for  a aegmented  mirror  'with  pieton  correction 
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DEGREES  OF  FREEDOM 

Figure  U.  Strehl  ratio  versus  degrees  of  freedom  for  a deformable  mirror  with  various  mirror  functions. 


Figure  12.  Pre  detection  compensated  images.  Number  of  elements  in  1.  5 meter  diameter  clear  aperture 
= 304.  1 meter.  Shearing  interferometer  used  for  wavefront  sensor,  deformable  mirror  with  radial 

mirror  function  used  for  corrector.  Frozen  atmosphere  assumed.  256x256  array. 

a)  1/1000  second  exposure. 

b)  1/100  second  exposure, 
b)  1/10  second  exposure. 
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SUMMARY 


In  short  exposure  Imaging  through  turbulence,  there  la  aome  probability  that  the  image  will  be 
nearly  diffraction-limited  because  the  Inatantaneoua  wavefront  diatortion  over  the  aperture  was  negli- 
gible. A number  of  yeare  ago  in  a paper  of  almost  the  same  title  as  th<s  one,  Hufnagel  [1966]  argued 
heurlstlcally  that  the  probability  of  getting  a good  image  would  decrease  exponentially  with  aperture  area. 
This  paper  undertakes  a rigorous  quantitative  analysis  of  the  probability. 

We  find  that  the  probability  of  obtaining  a good  short-exposure  image  ia 

Prob  M 5.6  exp  [-0.  1557  (D/ro>“]  , (for  D/ro  >3.5)  . 

where  D ia  the  aperture  diameter  and  r^  ia  the  coherence  length  of  the  distorted  wavefront,  aa  de- 
fined by  Fried  [ 1967].  A good  image  la  one  for  which  the  squared  wavefront  distortion  over  the  aper- 
ture la  one  radiant  or  less. 

The  analysis  la  baaed  on  the  decomposition  of  the  distorted  wavefront  over  the  aperture,  in  an 
orthonormal  aeries  with  randomly  independent  coefficients.  The  orthonormal  functions  used  are  the 
eigenfunctions  of  a Karhunen-Loive  integral  equation.  The  integral  equation  is  solved  using  a separa- 
tion of  variables  into  radial  and  azimuthal  dependence.  The  azimuthal  dependence  was  solved  analytical- 
ly and  the  radial  numerically.  The  first  569  radial  eigenfunctions  and  eigenvalues  were  obtained. 

The  probability  of  obtaining  a good  short-erqrosure  image  corresponds  to  a hyperspace  integral 
in  which  the  spatial  dimensions  are  the  independent  random  coefficients  in  the  orthonormal  series  expan- 
sion. It  is  equal  to  the  probability  that  a randomly  chosen  point  in  the  hyperspace  will  lie  within  a hyper- 
sphere of  unit  radius,  the  pointa  in  the  hyperspace  being  randomly  chosen  in  accordance  with  the  product 
independent  gaussian  probability  distributions  — one  distribution  for  each  dimension.  The  variance 
of  these  distributions  are  directly  proportional  to  the  eigenvalues  of  the  Karhunen-Lolive  equation.  This 
hyperspace  Integral  (involving  up  to  several  hundred  dimensions)  has'  lieen  evaluated  using  Monte  Carlo 
techniques. 

1,  INTRODUCTION 

Atmospheric  turbulence  distorts  a wave  passing  through  it  so  that  an  image  of  an  object  seen 
through  such  turbulence  may  be  degraded  significantly  below  the  diffraction  limit  of  the  imaging  system's 
aperture.  The  length,  , which  ia  determined  by  the  strength  of  turbulence  over  the  propagation 
path,  the  path  length,  and  the  wavelength  sets  the  achievable  resolution.  Whereas  the  diffraction-limited 
resolution  might  be  considered  to  be  X/D  , the  turbulence -limited  resolution  ia  equal  to  X/ib  • No 
matter  how  large  the  aperture  is,  the  average  resolution  achieved  on  imaging  through  turbulence  will  not 
exceed  the  X/r^  limit.  This  characterizes  what  is  often  referred  to  as  the  long-exposure  image  reso- 
lution. [For  very  short  e}q;>o8ures,  somewhat  better  average  resolution,  X/(3.4  r^)  , is  possible.] 

This  turbulence  limit  ia  a limit  on  the  average  performance.  It  is  significant  to  note  that  at  each 
instant  of  time  a randomly  distorted  wavefront  is  received  by  the  imaging  system  aperture,  and  the  ran- 
domly distorted  and  spread  image  is  formed.  The  average  resolution,  X/<b  . refers  to  the  average 
effect  of  this  distortion  and  spreading.  At  some  instant  of  time,  the  instantaneous  distortion  of  the  wave- 
front  may  be  very  severe,  1.  e,  , there  will  be  a great  deal  of  "corrugation"  of  the  wavefront.  At  other 
moments,  the  wavefront  distortion  may  be  relatively  slight.  There  is  a finite  probability  that  at  some 
particular  instant  of  time,  the  wevefront  diatortion  will  be  almost  negligible.  A short-exposure  image 
formed  at  that  time  will  appear  to  be  almost  diffraction-limited.  The  question  we  address  in  this  paper 
is  what  is  the  probability  that  at  a particular  instant  of  time  the  wavefront  distortion  over  the  imaging 
system  aperture  will,  in  fact,  be  almost  negligible.  The  inverse  of  this  probability  ia  the  average  num- 
ber of  short-exposure  pictures  we  have  to  take  to  get  a good  one. 


A number  of  years  ago,  this  question  was  briefly  addressed  by  R.  E,  Hufnagel  [1966].  He  util- 
ized rather  heuristic  arguments,  considering  speckle  in  the  focal  plane,  the  average  spread,  image  size, 
and  the  Rayleigh  distribution  of  speckle,  and  based  on  these  considerations  argued  that  the  probability  of 
getting  a good  image  ought  to  vary  as  an  exponential  function  of  the  aperture  diameter.  Because  the  argu- 
ments were  heuristic,  he  was  not  able  to  provide  meaningful  constants  for  this  relationship.  We  shall 
show  in  this  paper  that  the  probability  of  getting  a good  image,  i.  e.  , the  probability  that  at  some  instant 
the  wavefront  distortion  over  the  imaging  system  aperture  is  essentially  negligible,  is  an  exponential 
function  of  aperture  diameter  over  tg  , for  aperture  diameters  larger  than  about  3.  5 r^  . [Here  r^ 
is  the  turbulence -limited  coherence  diameter,  as  defined  by  Fried  (1967).]  We  shall  show  that  the  prob- 
ability of  getting  a good  image  is  adequately  represented  by  the  expression 


Ac  know  1 e dgme  nt ; 


This  work  sponsored  by  the  Air  Force  Systems  Command's  Rome  Air  Development 
Center,  Griffiss  AFB,  NY. 


.•vw«"tw*  >»T- V--.  , 


37-2 


Prob  M 5.6  «xp  C-0- ^S57  (0/tbf] 

In  the  next  section,  we  shall  outline  our  approach  to  a rigorous  analysis  of  this  prob.'sm.  The 
sections  after  that  will  ^en  present  the  various  phases  of  the  analysis  and  numerical  computations. 

2.  ANALYTIC  APPROACH 

The  basis  of  our  treatment  of  the  problem  of  calculating  the  probability  of  getting  a good  short- 
exposure  image  is  through  a decomposition  of  the  random  wavefront  into  an  orthonormal  series  of  inde- 
pendent components.  By  developing  the  statistics  of  this  aeries  representation,  we  are  then  able  to  cal- 
culate the  probability  that  a particular  sample  of  the  wavefront  distortion  will  correspond  to  essentially 
no  significant  distortion.  This  is  because  of  the  fact  that  a sample  in  which  the  wavefront  distortion  is 
essentially  negligible  has  a series  representation  in  which  dte  coefficlenta  are  all  very  small.  It  is  thus 
simply  a matter  of  calculating  the  probability  that  all  of  the  coefficients  of  the  orthonormal  series  at 
some  instant  of  time  will  be  very  email. 

To  carry  out  the  detailed  analysis  required,  we  start  with  a functional  repreaentatlon  of  a sample 
of  a randomly  diatorted  wavefront  over  the  imaging  system  aperture.  Because  wavefront  tilt,  as  dirtln- 
gulshed  from  the  higher  order  forms  of  wavefront  distortion,  i.  e. , from  wavefront  corrugation,  does 
not  degrade  the  resolution  of  the  image  of  a point  source  (in  a short-exposure),  but  merely  shifts  it,  we 
calculate  the  average  wavefront  tilt  of  this  random  sample  and  aubtract  it  from  the  random  wavefront 
distortion.  The  difference  is  the  effective  wavefront  distortion,  whose  statistics  we  are  concerned  with. 

Having  eatabliahed  the  functional  representation  for  the  effective  wavefront  distortion,  we  then 
wish  to  decompose  this  tilt-free  randomly  distorted  wavefront  sample  over  the  aperture  in  terms  of  some 
orthonormal  series.  There  are  many  possible  orthonormal  series  which  can  be  defined  for  uniform 
weighting  over  the  aperture.  The  expression  for  the  decomposition  of  the  tilt-free  wavefront  distortion 
is  essentially  the  same  no  matter  which  series  we  use.  The  basic  expression  that  calculates  the  coeffi- 
cients for  the  series  representation  of  the  tilt-free  wavefront  is  a weighted  integral  of  the  random  tilt- 
free  wavefront  distortion  function.  As  a consequence  of  the  fact  that  the  tilt-free  wavefront  distortion  la 
a gaussian  random  function,  the  coefficients  of  the  series  are  gaussian  random  variables,  since  the  inte- 
gral expression  is  a linear  function  of  the  distortion  function. 

We  select  which  of  the  infinity  of  possible  orthonormal  series  is  to  be  used  in  this  decomposition 
by  imposing  the  requirement  that  the  random  coefficients  should  be  statistically  Independent  of  each 
other.  Through  appropriate  manipulations,  we  are  able  to  show  that  this  requirement  gives  rise  to  a 
definition  of  the  functions  in  the  orthonormal  series  in  terms  of  the  Karhunen-Lo6ve  integral  equation. 
The  kernel  of  the  integral  equation  is  expressible  as  a function  of  the  statistics  of  wavefront  distortion. 
The  Karhunen-Lokve  integral  equation  is  homogeneous  and  gives  rise  to  a set  of  eigenvalues,  one  for 
each  of  the  eigenfunction  solutions.  The  eigenfunctions  are  the  functions  that  make  up  the  orthonormal 
set.  The  eigenvalues,  are  proportional  to  the  mean  square  value  of  the  random  coefficients  in  the  ortho- 
normal series  decomposition  of  the  tilt-free  random  wavefront  distortion. 

The  evaluation  of  the  eigenvalues,  and  thus  of  the  mean  square  random  coefficients,  is  the  key  to 
the  evaluation  of  the  probability  of  getting  a good  short -exposure  image.  The  random  coefficients,  as  we 
noted  before,  are  gaussian  random  variables.  Their  mean  values  are  zero,  and  thus  their  mean  square 
values,  which  are  calculated  from  the  eigenvalues,  are  their  variances  — which  completely  define  the 
distribution  of  expected  values  of  these  random  coefficients. 

The  significant  point  will  be  established  that  the  mean  square  wavefront  distortion  averaged  over 
the  aperture  for  a particular  sample  of  the  randomly  distorted  wavefront  is  directly  proportional  to  the 
sum  of  the  squares  of  the  random  coefficients  for  that  wavefront  sample.  Thus,  the  probability  of  get- 
ting a good  short-exposure  image  is  reduced  to  the  calculation  of  the  probability  that  all  of  the  random 
coefficients  will  at  some  instant  have  small  enough  magnitude.  We  take  as  our  criteria  for  small  enough 
wavefront  distortion  the  requirement  that  the  tilt-free  wavefront  distortion  squared,  averaged  over  the 
aperture,  will  be  less  than  or  equal  to  one  radian  squared.  This  leads  directly  to  a constraint  on  the 
uum  of  the  squares  of  the  random  coefficients.  Since  we  know  the  probability  distribution  for  all  of  the 
random  coefficients,  it  is  a straightforward  matter  to  then  calculate  the  probability  that  their  values 
squared  and  summed  will  be  appropriately  bcunded. 

In  the  following  work,  we  rely  on  analytic  techniques  to  develop  the  Karhunen-Lo6ve  integral 
equation  and  the  basic  expresoiou  defining  its  kernel,  and  similarly  rely  on  analytic  techniques  for  the 
formulation  of  the  probability  Integral  we  wish  to  evaluate.  The  solutions  of  the  Karhunen-Lobve  inte- 
gral equation  to  obtain  the  eigenvalues  (and  the  eigenfunctions)  and  the  evaluation  of  the  probability  in- 
tegral are  of  necessity  ca:rried  out  numerically.  In  the  next  section,  we  start  the  analysis  treating  the 
formulation  leading  up  to  the  expression  of  the  Karhunen-Lo6ve  equation. 

3.  DEVELOPMENT  OF  THE  KARHUNEN  LO^VE  EQUATION 

We  shall  let  #(r)  denote  the  random  phase  at  a point  "r  associated  with  the  random  wavefront 
distortion  at  the  aperture  of  the  imaging  system.  Here  ? is  a two-dimensional  variable  denoting  posi- 
tion in  the  plane  of  the  imaging  system  aperture.  We  use  the  function  W(r,  O)  where 
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If 


W(?,D)  * 


* * D 


> * D 


(1) 


to  daflne  a circular  aperture  centered  at  the  origin  and  having  a diameter  D . Drawing  on  our  pre- 
vloualy  published  results,  Fried  [1965],  we  can  write  for  the  corresponding  average  phase  over  the 
aperture,  0 , 

?■  = n EP)-t  J dr  W(?.  D)p(r)  , (2) 


and  for  the  average  tilt  over  the  aperture  is  , a 

^ D‘ri  J d?  W(r,D)?0O? 


(3) 


The  effective  wavefront  distortion  as  far  ss  the  quali'y  of  the  image  is  concerned  Is  the  random  wave- 
front  distortion  ^(t)  , leas  the  average  phase  and  a linear  function,  a ‘ • corresponding  to  the 

average  tilt.  This  effective  wavefront  distortion,  <p(r:D)  is  given  by 


<p(r;D)  = * (?)  - 5"  - a * ^ 


(4) 


(We  note  that  since  |T  and  a are  functions  of  O , It  is  appropriate  tq  show  (p  as  having  a 
D-dependence. ) 

The  statistics  of  the  random  wavefront  distortion  0(r)  is  adequately  described  for  our  purposes 
in  terms  of  the  phase  structure  function,  ^ , where 

-■?'!)  = <1^ (7) -«{?')!*>  (5) 


For  our  calculations,  ail  relevant  theory  concerning  prc^agation  through  turbulence  is  adequately  rep- 
resented by  taking  note  of  the  five-thirds  power  dependence  established  by  Tatarski  [1961]  for  the 
phase  structure  function.  This  is  conveniently  represented  by  the  expression  given  by  Fried  [1967] 

^(|r  - r'l)  = 6.88  (|r  • (6) 


The  mean  square  difference  of  random  phase  is  seen  to  vary  as  the  five-thirds  power  of  the  separations 
of  the  points  at  which  the  phase  is  measured.  The  quantity  , which  as  we  noted  earlier,  is  deter- 
mined by  propagation  conditions,  is  given  by  the  expression 

To  = |o.423  J ds  V , (7) 

SMS 


where  is  the  refractive-index  structure  constant  (a  measure  of  the  optical  strength  of  turbulence 

along  the  propagation  path),  L is  the  total  propagation  path  length,  and  s runs  from  zero  at  the  (point) 
source  to  L at  the  aperture  plane,  where  is  measured,  r^  determines  the  actual  "magnitude"  of 
the  wavefront  distortion, 

lAThat  we  are  ultimately  going  to  be  concerned  with  is  the  covariance  function  for  the  effective 
wavefront  distortion,  (p(r;D)  . This  covariance  function  is  given  by  the  expression 

C,(|7  -?'i)iD)  = <cp*(?!D)9>(?':D)>  . (6) 


It  can  be  evaluated  in  terms  of  the  structure  function,  ^ , by  making  use  of  £q.  's  (2),  (3),  (4),  and  (5), 

We  shall  return  later  to  the  evaluation  of  the  evaluation  of  the  covariance  function,  C.  . 

CP 

We  consider  an  orthonormal  series  {f,  (r;D)]  , where  f,  is  the  n’^'^-term  in  the  orthonormal 

ries.  Because  the  terms  arc  orthonormal  with  uniform  weighting  over  the  aperture  area,  it  follows 
ihat 

j 1 if  n = n* 

J d?  Wfr’,  D)  f,*(?;D)  f„{r;D)  = i . (9) 

I 0 if  n ^ n ' 

Si  -ce  the  orthonormal  scries  is  by  definition  complete,  we  can  represent  the  effective  wavefront  distor- 
tion <p  in  terms  of  a series  based  on  [ f^  } . Thus  v-e  write 

cp(r;D)  = ^ 


Inasmuch  as  the  effective  wavefront  distortion  cp  is  a random  function,  we  expect  the  coefficients  of  the 
series  8^  to  be  random  variables.  If  we  multiply  both  sides  of  Eq.  (10)  by  f,*(r,  D)  and  integrate  over 
the  aperture,  then  making  use  of  Eq.  (9),  we  obtain  the  reault 
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e,  = J dr  W(?;D)f/(l?,D),(?:D) 


(11) 


This  is  the  standsrd  expression  for  the  coefficients  in  any  type  of  orthonormal  series  decomposition. 


We  note  that  since  the  coefficient  9,  is  a Linear  function  of  the  effective  wavefront  distortion, 
tp(r;D)  , and  since  th..  'fective  wavefront  distortion  is  a gaussian  random  function,  it  follows  that 
is  a gaussian  random  variable.  (Note;  Propagation  theory,  cf.  Tatarski  [1961],  tells  us  that  the  wave - 
front  distortion  0 is  a gaussian  random  function.  From  Eq.  *s  (2)  and  (3),  it  follows  that  ^ and  a i 
which  are  Linear  functions  of  0 , are  gaussian  random  variables.  Since  the  Linear  combination  of  gaus- 
sian random  functions  and  gaussian  random  variables  gives  rise  to  a gaussian  random  function,  it  fol- 
lows from  Eq.  (4)  that  (p  is  a gaussian  random  function. ) 

At  this  point,  we  are  ready  to  introduce  the  requirement  that  the  random  variables  6,  be  statis- 
tically independent.  We  write  this  as 

(V(l^)  if  n = n' 

(12) 


^0  if  n ^ n ' 

where  (O)  is  the  variance  associated  with  the  random  variable  . We  show  as  a function 

of  D , since,  as  v T1  be  seen,  the  magnitude  of  the  random  variable  is  dependent  on  the  aperture 
diameter. 


Eq.  (12)  provides  the  basis  for  developing  equations  which  define  the  orthonormal  series  (f,(r;D)]  . 
To  do  this,  we  define  the  quantity  S i''  accordance  with  the  equation 


a = <J  d7'  W(?',D)<p*(r';D)v(?:D)  f,(?';D)>  . (13) 

By  the  simple  procedure  of  interchanging  the  order  of  integration  and  ensemble  averaging,  and  making 
use  of  Eq,  (8),  we  can  recast  Eq.  (13)  in  the  form 


J = J d?'  W(?',  D)  C,(|‘?  - r'l  ;D)  f,  (?';D) 


(14) 


Starting  from  Eq.  (13),  and  making  use  of  Eq.  (10)  to  allow  replacement  of  q>*(r';D)  , we  obtain 
« -(  Jd?'  W(?':D)9(r!D)  6,>*f..*(r':D)f,(?';D)>  . (15) 

By  the  expedient  of  interchanging  the  order  of  summation  and  integration,  and  then  making  use  of  the 
orthonormal  property  expressed  in  Eq.  (9)  to  allow  the  integral  to  be  evaluated,  and  then  of  the  inde- 
pendence property  indicated  by  Eq.  (12)  so  as  to  allow  the  n'-summation  to  be  performed,  we  can  cast 
Eq.  (15)  in  the  form 

S = <9(r;D)J^  P,*;  dr'  W(?' , D)  f.  *(?';D)  f, (?';D)> 

= <9(?:D)e,*>  (16) 


Now  if  we  again  make  use  of  Eq,  (10)  to  replace  q>  by  its  series  representation,  and  then  inter- 
change the  order  cf  summation  and  ensemble  averaging,  and  finally  make  use  of  Eq.  (12)  to  facilitate 
performance  of  the  n'- summation,  we  obtain 

= 0.,l.,(r:D) 

" ^ l»-(riH)  (P»  Bn') 

s' 

= Bj,»(D)f,(?;D)  . (17) 

Equating  the  right-hand-side  of  Eq.  's  (14)  and  (17),  we  obtain  the  Karhunen-Loive  homogeneous  integral 
equation 


J dr' W(?',D)  C,(|r  -?'|!D)f,(7':D)  = B,»(D)f,(?:D)  . (18) 

Our  problem  at  this  point  is  to  solve  the  integral  equation  for  the  eigenfunctions  f,  (r;D)  , and  the  cor- 
responding eigenvalues  B,(D) 


5 
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4.  REDUCTION  AND  SOLUTION  OF  THE  KARHUNEN-LOEVE  INTEGRAL  EQUATION 

The  kernel  of  the  Karhunen-Lo%ve  integral  equation,  Eq.  (18),  can  be  written  in  the  form 

= <#V')>  - <dS *(?)?■>  - «!(?')?”'>  + <f  *?■> 

- <0*(r)  a*  7'>  - {(f)  (rOala*'^)  + <?■*  a • r'> 

+ (0a*’7)+(a**7a*?') 

If  we  make  the  change  of  variables  , 

X = r/D 
x'=rVD 

we  find  that  the  D and  r^-dependence  of  the  kernel  can  be  extracted,  and  we  can  write 
:<p(|7  - -?'|:D)  = {D/ro)“/°  c(|x-  x'D 

If  we  further  write 

*1  ' f,  (r;D)  =3,(x) 

> 

1*1  ^ i 

1*1  > i 

then  we  can  recast  Eq.  (18)  in  the  form 


B,a(D)  --  DP  (D/ro)«>/a  «.a 

( 1 if 

W(^;D)  =jB(x)  = 

I 

0 if 


(19) 

: 1 

(20a) 

\ 

(20b) 

1 i 

1 ;S 

I 1 

(21) 

j 

(22) 

1 i 
i 

(23) 

‘ 1 

i 1 

) 

i '1 

(24) 

! 

J dx'jBCx')  5t(|x  - x'pg.Cx'’)  =e,»  g,(x) 


(25) 


The  key  to  this  extraction  of  the  D and  r^,-dependence  from  the  Karhunen-Loeve  integral 
equation  is  our  ability  to  extract  a (D/r^)®^  dependence  from  , as  expressed  in  Eq.  (21).  After 
considerable  algebraic  manipulations,  starting  from  Eq.  (1),  and  making  use  of  Eq.  (b),  as  appropriate, 
we  find  that  we  can  write  in  the  form 

C^(|r  - r'|;D)  = (D/r^)®/® { -<S^, (| (7/D)  - (7 '/ D)  [ ) + (r /D)  +9j(r'/D)  -9, 

+ (r'/D)  cos  8'  9a  (r/D)  + (r/D)  cos  e'  (r'/D)  - (r/D)(r ' /D) 


where 


X cos  9' 84] 


Oh  (x)  = 3.44  x®^ 


i/a 


2tt 


9j  (x)  = 3.  44  ( ^tt)~^  j dx'  x*  J dQ*  (x?  + x"®  - Zxx"  cos  0")®^® 


l/a 


9a (x)  c 8 J dx*  x*  ©^(x') 


l/a 


2n 


Cj  (x)  = 3.  44  (^  tt)^  J"  dx*  x"®  J*  d8'  cos  9"(x®  + x*’®-2  xx'  cos  9") 


•\B/8 


1/8 


9*(x)  = 64  j*  dx'  X*®  9»(x*) 


(26) 

(27a) 

(27b) 

(27c) 

(27d; 

(27e) 


This  constitutes  the  basis  for  writing  in  the  form  shown  on  the  right-hand-side  of  Eq.  (21). 
Gathering  all  these  results  together,  we  would  write  ® for  use  in  Eq.  (25)  in  the  form 

S(|x  - x'|)  = 9q  (|x  - x'l  + 9i  (x)  + 9i(x')  - 9a  + x'  cos  e'  9^  (x) 

+ X cos  9'  9a  (x^)  - xx'  cos  9' 


(28) 


The  quantity  9'  appearing  in  Eq.  's  (26)  and  (28)  represents  the  angle  between  the  vectors  ~r  and  ~r' 
and  also  between  the  vectors  x and  x~*'  . 
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Eq.  (25)  U n(-vf  ecientially  ready  for  ua  to  start  work  on  developing  ita  solutions.  Examination 
of  the  kernel  and  cognisance  of  the  awkward  po  /era  involved  (i.  e. , the  5/3-power  and  the  5/6-power) 
makes  it  clear  that  an  analytic  solution  is  not  likely,  and  that  numerical  techniques  will  be  necessary. 
The  fact  that  the  Integral  equation  involves  a two-dimensional  Integral  makes  the  task  an  exceedingly  dif- 
ficult one  for  a digital  computer.  However,  It  is  not  strictly  necessary  to  work  with  the  two-dimensional 
integral  equation,  and  in  fact,  we  can  cast  our  job  in  terms  of  obtaining  a solution  to  a one -dimensional 
Integral  equation.  To  do  this,  we  make  use  of  the  fact  that  working  in  (x,  6)-polar  coordinates  where 

xe(x,o)  . (29) 

we  can  show  that  a separation  of  variables  is  possible  according  to  which  3,(x)  can  be  expressed  as 
a product  of  e function  of  x and  a function  of  g . Moreover,  we  can  show  that  the  function  of  e is  an 
exponential.  We  write 


3,  (x)  s 5lp«  (x)  e.-qj  (iqe)  . (30) 

We  shall  see  that  it  is  a member  of  an  orthonormal  set  defined  by  a Karhunen-Lofcve  one -dimensional 
integral  equation,  where  H^^^(x)  is  a radial  function  to  be  determined. 

Where  previously  n was  an  ordinal  number  arranging  the  eigenfunctions  and  eigenvalues,  we 
now  replace  it  with  the  ordinal  number  pair  (p,q) 

na(p.q)  .,  (31) 


where  q is  the  ordinal  number  for  the  azimuthal  dependence.  There  is  a different  set  of  radial  func- 
tions for  each  azimuthal  dependence  — hence  the  q associated  with  9t^*  (x)  . p is  the  ordinal  number 
for  the  various  radial  functions  in  a given  set  associated  with  a particular  q . 

To  show  that  Eq.  (30)  is  valid,  it  is  merely  necessary  to  substitute  it  into  the  left-hand-side  of 
Eq.  (25)  and  show  that  the  results  can  be  cast  in  a form  which  is  consistent  with  the  right-hand- side  of 
Eq,  (25),  as  interpreted  in  terms  of  Eq.  (30),  i.  e. , we  show  consistency  in  our  assumption.  (Because 
the  functions  9)p,,(x)  and  exp  (iqO)  define  complete  sets,  this  is  a necessary  and  sufficient  proof.  ) To 
proceed,  we  define  the  modified  kernel 

2n 

«,(x,x')  = x"  J*  de**  «(x»x^e^)  exp  (iqeO  » (32) 

c 


and  the  alternate  notation  for  the  eigenvalue 


Now,  substituting  Eq.  (30)  into  the  left-hand- side  of  Eq.  (25),  we  get 


(33) 


1/3 


2tt 


j*  dx'  e(x')  (S(lx  - x'l)  3,  (x")  = J dx'x'  ]■  dg'c(x,  x',  0'-  9)  5l,,(x')  exp  (iqOO 


i/a 


= exp  (i  q 9)  J dx'  g , (x,  x')  R,'  (x' ) 


= 1^,,®  Jt,"  (x)  exp  (iq9) 


(34) 


We  note  that  in  the  last  form  presented  in  Eq,  (34),  the  result  interpreted  in  terms  of  Eq.  (30) 
is  consistent  with  the  right-hand-side  of  Eq.  (25).  This  proves  the  validity  of  the  separation  of  variables 
expressed  by  Eq.  (30).  In  developing  the  final  result  in  Eq.  (34),  we  have  made  use  of  the  fact  that  the 
final  dx'-inlegral  is  simply  a function  of  x . 

The  function,  V , which  is  the  radial  dependence  of  as  indicated  in  Eq.  (30),  is  defined  by 
the  requirement  that  it  satisfy  the  one -dimensional  homogeneous  integral  equation 
1/3  ^ 

J dx  «,  (x,  x')  31,1  (x')  = a,  (x)  (35) 

0 

The  key  point  here  is,  of  course,  our  freedom  to  choose  3l,i  to  satisfy  this  equation  and  use  the  functions 
so  defined  in  Eq.  (30). 

We  note  that  the  kernel  of  this  one -dimensional  homogeneous  integral  equation  can  be  written  in 
terms  of  the  functions  defined  in  Eq.  's  (27a-  s).  K we  substitute  Eq.  (28)  into  Eq.  (32)  and  perform  what 
simplifications  are  possible,  we  ob^^n 

go(x.x')  = -x'  J d9'flb  ([j^  + x'®  - 2xx'cos  9 2tt  x'[Oi(x)-l0ij(x')- a,  ] , (36a) 

0 


.a... . 
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2n 

(x,  x')  = -x'  J*  dg'  Qb  ([^  + x'®  - 2xx'co8  0']^^*)  exp  (l0. ) + nx'[x'  O3  (x) 

0 

+ Oa(x')  - xx'O*]  (36b) 

2tt 

R^(x,x')=-x'  J ®o  ([x®  + x'®  - 2xx'co8  0']^/®  ) exp  (iqe)  , q = ±2,±3,±4 (36c) 

0 

Our  problem  now  i8  the  8olution  of  the  one-dlmeneional  homogeneoue  integral  equation  preaented  by 
£q.  (35),  with  the  kernel  defined  by  Eq.  's  (36a,  b,  or  c). 

For  our  nximerical  analyaia,  we  have  carried  out  this  solution  for  the  first  42  values  of  q , i.  e.  , 
q = 0 to  q = 41  , using  a 20-point  radial  space  in  the  interval  0 to  ^ . Sorting  the  eigenvalues  in 
accordance  with  thsir  magnitude,  we  find  that  we  have  obtained  at  least  the  first  569  of  the  eigenvalues. 
(Though  more  than  569  eigenvalues  were  actually  calculated,  we  have  no  assurance  that  the  p = 1 , 
q = ± 42  eigenvalue  which  we  did  not  obtain  does  not  rank  above  the  570*-^  of  the  eigenvalues  that  we  did 
obtain.  We  are,  however,  sure  that  it  is  smaller  than  the  569^^  eigenvalue  which  is  for  p = 1 , q = 41. 
Hence  our  termination  of  the  list  at  that  point,  ) As  a check  on  the  accuracy  of  our  calculations  and  the 
completeness  of  our  list,  we  have  been  able  to  separately  show,  making  use  of  earlier  work.  Fried 
[1965],  quite  distinct  from  this  Karhunen- Lo^ve  decomposition,  that  the  infinite  sum  of  eigenvalues 
must  have  the  value  of 

«e 

8,  = 0.  1056  . (37a) 

We  note  that 

569 

\ 

L 

»=  1 »=•  X 

which  gives  us  fairly  strong  assurance  that  our  list  is  essentisUy  complete  and  our  computations  reason- 
ably accurate.  In  Table  1,  we  list  these  eigenvalues  and  their  cumulative  sum  for  the  first  100  eigen- 
values. We  note  that  because  the  integral  equation  and  kernel  are  symmetric  between  q and  -q  , it 
is  not  necessary  for  us  to  solve  with  negative  values  of  q . The  eigenvalues  obtained  for  all  values  of 
q other  than  q = 0 are  doubly  degenerate  since  they  correspond  to  both  +q  and  -q  . Accordingly,  in 
Table  1 we  have  counted  twice  those  eigenvalues  for  which  q is  not  equal  to  aero,  though  they  are  listed 
only  once,  and  the  cumulative  sum  as  shown  corresponds  to  the  double  addition  of  those  eigenvalues, 

TABLE  1 

Eigenvalue  Listing,  8,® 

Eigenvalues  are  ranked  by  magnitude,  with  ordinal  number  n assigned  according  to  rank.  Where  the 
sigf'nvalue  is  degenerate,  (i.  e.  , q ^ 0),  two  values  of  n are  assigned.  This  is  indicated  in  the  (p.q)- 
numbering  by  listing  both  a positive  and  a negative  value  for  q . The  p-values  shown  for  each  eigenvalue 
represent  an  ordinal  ranking  by  magnitude  for  each  value  of  the  azimuthal  number,  q , The  eigenvalues 
are  listed  along  with  the  cumulative  sum  of  the  eigenvalues.  Whenever  the  eigenvalue  is  degenerate,  the 
corresponding  cumulative  sum  represents  the  addition  of  the  eigenvalue  twice. 


n 

Eigenvalue 

8,® 

Cumulative  Sum  p 

i»  1 

9 

n 

Eigenvalue 

*.®. 

Cumulative  Sum 
1 

P 

9 

1, 

2 

.018765000 

,037530000 

1 

2,  -2 

51, 

52 

. 000091963 

.099660738 

1. 

11,-11 

3 

. 018733000 

.056.’63000 

1 

0 

53. 

54 

. 000089079 

.099838896 

4 

3,  -3 

4, 

5 

.005215500 

.066694000 

1 

3,  -3 

55, 

56 

. 000085452 

. 100009800 

2 

8,  -8 

6. 

7 

.005180000 

.077054000 

1 

1.1 

57, 

58 

. 000084808 

. 100179416 

4 

1,  -1 

8, 

9 

. 002153400 

.081360800 

1 

4,-4 

59. 

60 

. 000069736 

. 100318888 

3 

6.  -6 

10. 

11 

. 001645600 

.084652000 

2 

2.  -2 

61, 

62 

. 000069646 

. 100458180 

1 

12. -12 

12 

. 001632200 

. 086284200 

2 

0 

63, 

64 

. 000063398 

. 100584976 

2 

9,  -9 

13, 

14 

.001084800 

.088453800 

1 

5.-5! 

65. 

66 

. 000062420 

. 100709816 

4 

4,  -4 

15, 

16 

.000773650 

. 09001100 

2 

3,-3 

67. 

68 

. 000058784 

. 100327384 

5 

2,  -2 

17, 

18 

.000757140 

, 091515380 

2 

1,-1 

69 

. 000057899 

. 100885283 

5 

0 

19, 

20 

. 000617730 

.092750840 

1 

6,  -6 

70. 

71 

. 000053855 

.500992993 

1 

13. -13 

21. 

22 

.000428150 

.093607140 

2 

4,-4 

72. 

73 

. 000051459 

. 101095911 

3 

7,  -7 

23. 

24 

. 000382540 

. 094372220 

1 

7,-7 

74. 

75 

. 000048271 

. 101192453 

2 

10,  -10 

25, 

26 

. 000382130 

.095136480 

3 

2,  -2 

76, 

77 

. 000045524 

. 101283501 

4 

5.  -5 

27 

. 000373790 

.095510270 

3 

0 

78, 

79 

. 000042494 

. 101368489 

5 

3,  -3 

28, 

29 

.000262110 

.096034490 

2 

5,  -5 

80, 

81 

. 000042428 

. 101453345 

1 

14, -14 

30. 

31 

. 000251910 

.096538310 

1 

8,  -8 

82, 

83 

.000041356 

. 101536057 

5 

1.  -1 

32, 

33 

.000224370 

. 096987050 

3 

3.-3 

84, 

85 

. 000039058 

. 101614173 

3 

8,  -8 

34, 

35 

. 000215100 

.097417250 

(Continued  01 

86, 

X next 

87  .000037553 

page) 

. 101689279 

2 

11, -11 

= 0. 1047  = .9915 


I *• 


(37b) 
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nhort-exposure  Image 


Prob  (Good  Short-£l}q>oeure  Image)  = Prob  ^ ^ s 1 rad^  ^ (45) 

t 

can  be  written  in  terms  of  the  gaussian  distributions  for  each  of  the  variables 

•• 

Prob  (Good  Short-Exposure  Image)  = J*  dS^  (Zn^^^s)^®  exp  (-^  S,*/a,*)  , (46) 


ttitti 


where  the  limits  correspont  to  a hyperahpere  in  the  multidimensional  i^-space,  the  sphere  being  of  unit 
radius. 


This  calculation,  though  it  bears  some  resemblance  to  the  ordinary  Chi-squared  integral,  be- 
cause of  the  dependence  of  on  n , can  not  he  performed  in  closed  form.  We  have  therefore  made 
use  of  MonteCarlo  techniques  for  evaluation  of  this  probability.  The  results  obtained  are  shown  in 
Table  2. 


TABLE  2 

Probability  of  Obtaining  a Good  Short-Exposure  Image 


D/rg 

Probability 

2 

0.986  :t0.  006 

3 

0.  765  1 0.  005 

4 

0.334  0.014 

5 

(9.38  ± 0.33)  X lCr» 

6 

(1.915  i 0.084)  X 10-8 

7 

(2.87  i:  0.  57)  X 1(T» 

10 

(1.07  ± 0.48)  X ICT* 

15 

(3.40  ± 0.  59)  X 10-« 

In  Fig.  1,  we  have  plotted  this  probability  in  a form  which  makes  manifest  an  exponential  dependence  on 
(D/rg)^  , As  can  be  seen,  the  results  are  very  strongly  suggestive  of  this  type  of  dependence,  and  we 
have  fitted  the  equation 

Prob  w 5. 6 exp  [-0.  1557  (D/rgf  ] . (if  D/r^  i 3.  5 ) (47) 

to  this  data.  It  is  quite  obvious  that  the  probability  is  a strong  function  of  D/r^  , and  that  if  we  intend 
to  have  a reasonable  probability  of  obtaining  a good  short- exposure  image,  we  must  be  careful  not  to 
push  the  aperture  diameter  beyond  some  reasonable  multiple  of  rg  Exactly  how  large  this  multiple 
can  be  depends  on  how  many  short-exposure  images  we  are  willing  to  take  or  how  long  we  are  willing  to 
wait  before  we  get  a good  image. 


6.  DISCUSSION  OF  RESULTS 

The  results  presented  in  Table  2 and  Fig.  1 are  fairly  self-explanatory.  They  are  certainly  in 
good  agreement  with  Hufnagel's  [1966]  conjecture  that  the  probability  ought  to  be  a negative  exponential 
function  of  aperture  area.  The  quantitative  results  tell  us  that  if  we  want  a probability  of  the  order  of 
1 X 1(T^  of  obtaining  a good  short-exposure  image,  the  aperture  diameter  should  not  be  significantly 
larger  than  7 Tg  or  8 rg  , If  we  are  willing  to  accept  a probability  of  1 g KT®  , only  a minor  increase 
in  diameter  up  to  10  rg  is  allowed.  Working  with  diameters  any  larger  than  this  leads  to  what  are  al- 
most certainly  unacceptable  probabilities. 

It  is  particularly  interesting  to  note  the  operationally  high  probabilities  that  apply  for  diameters 
of  about  7 rg  or  a bit  less.  This  suggests  that  for  many  imagery  purposes  significantly  better  than 
ordinary  turbulence -limited  resolution  can  be  achieved  if  we  carefully  choose  our  aperture  diameter  and 
take  several  hundred  short-exposures  and  select  from  these  the  best.  This,  of  course,  calls  for  not 
merely  an  adjustable  aperture  on  our  imaging  system,  but  some  method  of  measuring  rg  so  that  we  know 
what  aperture  diameter  to  use. 

It  is  appropriate  to  note  that  the  probability  we  have  calculated  applies  independently  to  separate 
isoplanatic  patches  on  the  image.  This  means  that  in  any  one  image,  rather  than  its  being  entirely  good 
or  entirely  poor  resolution,  there  will  be  distributed  over  the  image  field-of-vlew  a set  of  rather  small 
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TABLE  1 (Continued) 


1 

& 

Eigenvalue 

Cumulative  Sum  p 

i'.' 

9 

n 

Eigenvalue 

•s* 

Cumulative  Sum 
!■  1 

P 

9 

36, 

37 

. 000173860 

. 097764970 

1 

9.-9 

88, 

89 

. 000034265 

. 101757809 

4 

6,  -6 

38, 

39 

.000172040 

.098109050 

2 

6,  -6 

90, 

91 

. 000033936 

. 101825681 

1 

15,  -15 

40, 

41 

.000143750 

.098396550 

3 

4.-4 

92. 

93 

. 000031680 

. 101889041 

5 

4.  -4 

42, 

43 

.000133880 

.098664310 

4 

2,-2 

94 

. 000030739 

. 101919780 

6 

0 

44 

.000129880 

.098794190 

4 

0 

95. 

96 

. 000030339 

. 101980458 

3 

9,  -9 

45, 

46 

.000124560 

.099043310 

1 

10,-10 

97, 

98 

. 000029757 

. 102039972 

2 

12,  -12 

47, 

48 

.000118870 

.099281050 

2 

7.  -7 

99,  100 

. 000029734 

. 102099440 

6 

2,  -2 

49. 

50 

. 000097881 

.099476812 

3 

5.  -5 

1 

With  the  eigenveluee  thus  tebuleted,  we  ere  ready  to  turn  our  attention  to  the  formulation  and 
evaluation  of  the  probabilistic  Integral  determining  the  probability  that  at  any  instant  the  random  wave- 
front  distortion  will  yield  a good  short-exposure  image. 

5.  PROBABIUTY  FORMULATION  AND  EVALUATION 

The  square  of  the  effective  wavefront  distortion,  (p(r;D)  averaged  over  the  aperture  can  be 
written  ae 


= (inCPr^  / <1?  W(r.D)  |tp(?;D)|*  (38) 

If  we  use  Eq.  (10)  to  replace  ^ in  Eq.  (38),  and  then  interchange  the  order  of  summation  and  integration, 
we  get 

P,*8.>  V)f.,(r)  . (39) 


Making  use  of  die  orthonormallty  condition  expressed  in  Eq.  (9),  Eq.  (39)  can  be  reduced  to  the  form 


= (itrE^)^  ^ 8,*e, 

= J V • (40) 

where  is  defined  in  terms  of  as 

S,  e,*p,]‘^  . (41) 


Since  g,  is  a gaussian  random  variable,  so  is  S,  . Moreover,  since  g,  has  a zero  mean 
value,  so  does  Its  variance  is 

= <^*>  (42) 

Substituting  Eq.  (41)  into  Eq.  (42),  and  making  use  of  Eq.  (12),  we  obtain 

o,»  = (inD»r^  <P.*P.>  = (i^IPr*  B,»(D)  . (43) 

Now  if  we  make  use  of  Eq.  (23),  we  can  cast  Eq.  (43)  in  the  form 

o.a  = ~ (D/r,)«^  V (44) 


1 

j 


3 

V 

3 


At  this  point,  we  see  that  the  aperture  averaged,  squared  wavefront  distortion,  P*  , as  given 
in  Eq.  (40),  is  equal  to  the  sum  of  the  square  of  a set  of  gaussian  random  variables,  S,  , each  with 
mean  value  zero,  and  with  a variance,  o,®  given  by  Eq.  (44).  The  value  of  is  given  in  terms  of 
the  eigenvalues  we  have  just  solved  for  and  which  are  listed  in  Table  1.  The  dependence  of  the  aperture- 
averaged  wavefront  distortion  squared  on  aperture  diameter,  D , and  on  the  wavefront  distortion  co- 
herence length,  Tg  , is  contained  in  the  (D/rg)®^  dependence  shown  in  Eq.  (44). 

Our  problem  now  is  to  figure  out  the  probability  that  the  random  variables,  S^  , squared  and 
summed,  as  in  the  right-hand-side  of  Eq.  (40),  will  have  a value  less  than  some  amount.  We  define 
a good  image  as  one  that  is  formed  when  the  wavefront  distortion  over  the  aperture  is  less  than  one 
radian  rms,  i.  e.  , when  g®  is  less  than  one  radian- squared.  The  probability  of  obtaining  such  a good 
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•hort«expoiura  Imaga 


Prob  (Good  Short-E^q^osura  Imaga)  ^ Prob  ^ ^ < 1 rad*  J (45) 

t 

can  ba  written  In  tarma  of  the  gauaaian  diatributiona  for  each  of  die  varlablaa 

Prob  (Good  Short -Ejiposurc  Image)  = f(  J dS^  exp 

where  the  limit!  correspont  to  a hyperahpere  in  the  muUldlmenelona)  ^'Space.  the  sphere  being  at  unit 
radius. 

This  calcxxlation,  though  it  bears  some  resemblance  to  the  ordinary  Chi-squared  integral,  be- 
cause of  the  dependence  of  a,*  on  n , can  not  be  performed  in  closed  form.  We  have  therefore  made 
use  of  MonteCarlo  techniques  for  evaluation  of  this  probability.  The  results  obtained  are  shown  in 
Table  2. 


TABLE  2 

Probability  of  Obtaining  a Good  Short -Exposure  Image 


D/q, 

Probability 

2 

0.  986  0.  006 

3 

0.765  ii  0.  005 

4 

0.334  ± 0.014 

5 

(9.38  ± 0.33)  X l(r« 

6 

(1.915  k 0.084)  X i(r> 

7 

(2.87  ± 0.  57)  X l0-» 

10 

(1.07  ± 0.48)  X 10-* 

15 

(3.40  i 0.  59)  X 10*W 

In  Fig.  1,  we  have  plotted  this  probability  in  a form  which  makes  manifest  an  exponential  dependence  on 
{V/tg'P  As  can  be  seen,  the  results  are  very  strongly  suggestive  of  this  type  of  dependence,  and  we 
have  fitted  the  equation 

Prob  w 5.6  exp  [-0.  1557  (D/r,)^]  , (if  D/r^  a 3.  5 ) (47) 

to  this  data.  It  is  quite  obvious  that  the  probability  is  a strong  function  of  D/r^  , and  that  if  we  intend 
to  have  a reasonable  probability  of  obtaining  a good  short-exposure  image,  we  must  be  careful  not  to 
push  the  aperture  diameter  beyond  some  reasonable  multiple  of  r^  Exactly  how  large  this  multiple 
can  be  depends  on  how  many  short-exposure  images  we  are  willing  to  take  or  how  long  we  are  willing  to 
wait  before  we  get  a good  image. 

6.  DISCUSSION  OF  RESULTS 

The  results  presented  in  Table  2 and  Fig.  1 are  fairly  self-explanatory.  They  are  certainly  in 
good  agreement  with  Hufnagel'a  [1966]  conjecture  that  the  probability  ought  to  be  a negative  exponential 
function  of  aperture  area.  The  quantitative  results  tell  us  that  if  we  want  a probability  of  the  order  of 
1 X liT^  of  obtaining  a good  short-exposure  image,  the  aperture  diameler  should  not  be  significantly 
larger  than  7 r^  or  8 q,  . If  we  are  willing  to  accept  a probability  of  1 x KT*  , only  a minor  increase 
in  diameter  up  to  10  r^  is  allowed.  Working  with  diameters  any  larger  than  this  leads  to  what  are  al- 
most certainly  unacceptable  probabilities. 

It  is  particularly  Interesting  to  note  the  operationally  high  probabilities  that  apply  for  diameters 
of  about  7 rg  or  a bit  less.  This  suggests  that  for  many  Imagery  purposes  significantly  better  than 
ordinary  turbulence -limited  resolution  can  be  achieved  if  we  carefully  choose  our  aperture  diameter  and 
take  several  hundred  short-exposures  and  select  from  these  the  best.  This,  of  course,  calls  for  not 
merely  an  adjustable  aperture  on  our  imaging  system,  but  some  method  of  measuring  r^  so  that  we  know 
what  aperture  diameter  to  use. 

It  is  appropriate  to  note  that  the  probability  we  have  calculated  applies  independently  to  separate 
Isoplanatlc  patches  on  the  image.  This  means  that  in  any  one  image,  rather  than  its  being  entirely  good 
or  entirely  poor  resolution,  there  wilt  be  distributed  over  the  image  fleld-of-view  a set  of  rather  small 
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regions,  Isoplsnstlc  patches,  in  which  the  resolution  Is  good.  The  rest  of  the  Image  area  will  have 
much  poorer  resolution.  To  Image  a large  object  and  determine  all  of  the  fine  details  of  that  object, 
it  would  be  necessary  to  piece  together  the  Image  from  a set  of  short-exposures,  selecting  the  high  reso- 
lution regions  in  each  of  the  images,  to  put  together  one  high  resolution  image. 

As  a word  of  caution,  it  la  appropriate  to  recollect  here  that  we  have  assumed  that  the  statistics 
of  turbulence  and  the  value  of  r^  remain  constant  over  the  period  of  the  "experiment.  " What  we  have 
calculated  is  the  probability  that  a sample  drawn  from  the  ensemble  of  wavefront  distortions  will  be  a 
sample  with  almost  no  distortion.  Our  ensemble  la  restricted  to  samples  from  the  same  value  of  r,  , 

1.  e.  , there  is  no  change  in  the  strength  of  turbulence  over  the  propagation  path.  There  is,  however,  a 
larger  ensemble  associated  with  different  values  of  r^  . r^  changes  with  changing  turbtilence  condi- 
tions, and  this  larger  ensemble  includes  cases  for  which  r^  may  sometimes,  though  infrequently,  be 
significantly  larger  than  the  typical  value.  Average  probabilities  over  this  grand  ensemble  might  be  ex- 
pected to  yield  significantly  higher  probabilities  of  a good  short -exposure  image  for  large  aperture  dia- 
meters. However,  obtaining  an  average  over  this  grand  ensemble  corresponds  in  the  physical  world  to 
waiting  over  periods  of  hours,  perhaps  days,  for  the  variety  of  turbulence  conditions  that  can  exist  over 
the  propagation  path.  This  may  not  be  practical.  The  ensemble  average  for  which  we  have  evaluated 
the  probability  of  obtaining  a good  short -exposure  image  in  this  paper  corresponds  to  taking  a set  of 
images  In  rapid  succession  over  a short  period  of  time  during  which  we  do  not  expect  or  require  the 
nature  of  the  turbulence  in  the  propagation  path  to  change.  We  believe  this  case  corresponds  to  a variety 
of  nominal  practical  limitations.  Our  results  show  that  in  this  type  of  situation,  a judicious  choice  of 
aperture  diameter  and  careful  selection  of  the  images  to  be  utilised  can  yield  results  which  have  signi- 
ficantly better  image  resolution  dian  the  typical  atmospheric  turbulence  limit. 
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Figure  1.  Probebility  of  Obtaining  a Good  Short-Expoaure  Image. 

The  probability  ia  plotted  on  a logarithmic  scale  againat 
the  aperture  diameter  divided  by  r„  ratio- aquared.  A 
atraight  line  on  thia  graph  shows  an  exponential  depen- 
dence of  the  probability  on  the  aperture  area.  The  data 
plotted  corresponds  to  the  values  in  Table  2,  with  the 
spread  due  to  the  fact  that  Monte  Carlo  integral  evalu- 
ation was  used.  The  straight  line  fit  to  the  data  matches 
Eq.  (47). 
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National  Oceanic  and  Atmospheric  Administration 
Environsiental  Research  Laboratories 
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SUtttMlY 


At  the  Nave  Propagation  Laboratory  (NPL)  of  the  National  Oceanic  and  Atmospheric  Administration 
CNOAA),  we  have  considerable  experience  in  the  development  of  techniques  of  measuring  wind  and  refractive 
turbulence  C^  using  both  active  and  passive  optical  sources.  From  the  initial  development  of  our 
path-average"laser  wind  sensor,  we  have  further  developed  systems  for  measuring  horizontal  profiles  of 
wind  and  C^.  Recently,  we  have  constructed  a passive  wind  sensor  that  requires  no  active  light 
source:  It  responds  to  fluctuations  of  light  reflected  from  a target  to  determine  the  path-averaged 

crosswind.  Finally,  we  have  made  recent  progress  in  the  application  of  the  horizontal -path  techniques 
to  the  problems  of  remotely  sensing  wind  and  C^  profiles  aloft  from  observations  of  stellar  scintillations. 
In  this  paper,  we  analyze  the  principles  of  operation  of  these  devices  and  compare  their  performance 
with  more  conventional  meteorological  instruments. 

1 . INTRODUCTION 

In  recent  years,  many  authors  (LANRENCE,  R.  S.  et  al.,  1972;  LEE,  R.  V.'.,  1974;  NANC,  T-i, 
et  al.,  1974;  SHEN,  L.,  1970;  ISHIMARU,  A.,  1972;  MANDICS,  P.A. , et  al.,  1973;  HARP,  J.  C. , 1971; 
MANDICS,  P.  A.,  1971;  and  KJELAAS,  A,  G.  and  G.  R.  OCHS,  1974)  have  considered  the  possibility  of 
remote  probing  of  winds  over  optical,  microwave,  and  acoustic  paths.  At  the  Nave  Propagation  Laboratory 
of  NOAA,  we  have  demonstrated  (LANRE^E,  R.  S.  et  al.,  1972)  the  feasibility  of  using  a line-of  ight 
laser  link  to  measure  the  path  averaged  crosswind.  From  the  initial  development  of  our  path-average 
laser  wind  sensor,  we  have  further  developed  techniques  for  measuring  horizontal  profiles  of  crosswind 
and  refractive  turbulence  (NANG,  T-1,  et  al.,  1974).  More  recently,  we  have  constructed  a passive 
wind  sensor  that  measures  wind  without  the  need  of  a light  source  (CLIFFORD,  S.  F.  et  al,  1974).  This 
system  responds  to  the  fluctuations  of  light  from  a naturally  occurring  scene  such  as  the  horizon  or  a 
hillside. 


Ne  at  NOAA  (OCHS,  G.  R.,  et  al.,  1974)  and  others  (VERNIN,  J.  and  F.  RODDIER,  1973)  have 
measured  winds  aloft  from  observations  of  stellar  scintillations  and  we  are  currently  testing  a device 
to  measure  vertical  profiles  of  refractive  turbulence.  The  vertical  distribution  of  refractive 
turbulence  is  important  to  know  since  it  Is  refractive  turbulence  that  limits  our  ability  to  resolve 
objects  in  orbit  and  produces  enhanced  error  rates  in  optical  communication  systems.  Ne  will  review 
progress  in  each  of  the  above  areas  with  emphasis  on  techniques  to  remotely  sense  meteorological 
Information  relevant  to  the  design  of  optical  systems. 

2.  THEORY  OF  OPERATION 

Each  of  the  techniques  mentioned  is  an  outgrowth  of  our  path-average  laser  system  and, 
because  of  this  fact,  they  have  quite  similar  principles  of  operation.  Figure  1 shows  the  general 
configuration  of  our  laser  sensor.  A laser  beam,  diverged  to  approximate  a point  light  source. 
Illuminates  two  detectors.  The  temperature  irregularities  along  the  optical  path  produce  irradianca 
fluctuations  at  each  of  the  detectors.  As  the  wind  advects  these  irregularities  across  the  laser 
beam,  the  irradiance  fluctuations  that  they  produce  propagate  from  one  detector  to  the  other  in  a time 
of  the  order  of  p/v^  whera  p is  the  sensor  spacing  and  Vj^  is  the  transverse  wind  speed.  If  we 
time-lag  correlate  the  signals  observed  by  the  two  detectors,  we  obtain  the  normalized  covariance 
function  shown  in  Figure  2.  The  wind  speod  information  is  contained  in  both  the  time  lag  to  the  peak 
of  the  covariance  function  and  the  slope  ut  zero  time  lag.  Ne  compute  the  slope  at  zero  time  lag  to 
determine  the  wind  speed  rather  than  the  peak  delay  because  the  former  is  a linear  function  of  wlndspeed 
and  the  latter  Is  non-linear  (LANRENCE,  R.  S.,  et  al,,  1974).  Also,  the  slope  technique  is  much  less 
sensitive  to  random  temporal  fluctuations  in  the  spatial  scintillation  pattern  than  the  peak  delay 
technique  (LANRENCE,  R.  S.,  et  al.,  1974). 

Figure  3 shows  a typical  sample  of  a laser  wind  sensor  record  compared  with  the  more  con- 
ventional anemometer  measurements.  The  top  record  is  the  reading  of  the  optically  derived  wind  speed 
transverse  to  a 300  m laser  beam.  Ihe  lower  record  is  the  average  wind  speed  measured  by  six  propeller 
anemometers  spaced  uniformly  along  the  optical  path.  The  agreement  between  the  two  curves  is  excellent 
showing  that  the  laser  wind  sensor  can  be  effectively  employed  to  measure  winds  wherever  a spatially- 
averaged  value  is  desirable,  as  in  determining  crosswinds  along  airport  runways,  measuring  the  flow  of 
pollutants  down  a valley,  or  by  using  a triangular  array  of  such  sensors  to  measure  a spatia? ly  averaged 
divergence  of  the  wind  field. 

3.  IHE  PASSIVE  NIND  SENSOR 


In  certain  applications  where  a two-ended  system  is  impossible  or  impractical;  as  when  one 
end  of  the  optical  path  is  inaccessible,  the  laser  wind  sensor  cannot  operate.  To  overcome  this 
limitation  we  have  developed  a modification  of  our  optical  wind  sensor  (CLIFFORD,  S.  F.,  et  al.,  1974) 
that  measures  the  path-averaged  crosswiid  by  observing  the  fluctuations  in  irradiance  of  a naturally 
illuminated  scene  such  as  a sunlit  hillrlde,  a forest,  or  a variety  of  other  natural  targets.  Figure  4 


lllustmts  the  geonetry  of  the  pesslve  wind  sensor.  Two  detectors  hsving  » two*dlaenslonsl  sensitivity 
spectniB  H*  ere  sepsrsted  by  a distance  p and  observe  the  fluctuations  In  Irradiance  froB  sBblent 
light  reflected  off  the  target.  As  before,  we  coqmte  the  tlBe-lagged  covariance  of  the  two  detectors 
and  deterBlne  the  wind  froB  the  slope  at  zero  delay.  This  technique  Is  Bore  coapllcated  than  the  laser 
systeB  because  we  now  Bust  specify  the  spectral  density  of  the  scene  Q*  to  determine  the  weighting 
function  for  the  Beasured  wind.  For  exaaple.  Figure  S Illustrates  the  wind  weighting  function  for  the 
case  of  a trailer  observed  by  two  detectors  arranged  In  the  configuration  shown  In  the  lower  loft 
comer.  The  detectors  are  narrowband  spatial  filters  of  wavelength  2. 5 AT,  where  X Is  the  Bean 
frequency  of  the  reflected  light  and  L Is  the  distance  to  the  target.  The  tendency  of  the  passive 
sonsor  to  emphasize  the  winds  near  the  receiver  Is  characteristic  of  the  device  and  applies  to  nearly 
all  scene  spectra.  In  the  upper  right  comer  of  Figure  5,  we  show  the  behavior  of  the  passive  sensor 
coapared  with  the  average  of  10  anemoaeters  spaced  unlforaly  along  the  optical  path.  The  agreement  Is 
quite  satisfactory.  Finally,  Figure  6 shows  a similar  coaparlson  for  the  saae  target.  Ne  have  plotted 
the  reading  of  the  passive  wind  sensor  and  the  avemge  of  the  five  sneBoneters  closest  to  the  receiver. 
The  optical  system  gain  (upper  trace)  was  Increased  to  displace  the  curves  for  convenient  coaparlson. 

The  agreeBent  In  detail  Is  quite  reBsrkable. 

4.  MIND  AND  RBFRACTIVB  lURBULENCB  PROFILING 

In  some  applications.  It  nay  be  deslmble  to  obtain  profiles  of  wind  and  refractive-turbulence 
Intensity  C*.  Ne  acconplish  this  by  crossing  two  laser  beans  (see  Figure  7)  so  that  their  conmon 
volume  Is  located  at  the  path  position  that  we  wish  to  probe.  (The  two  beans  must  be  offset  In  the 
horizontal  direction  to  measure  wind.)  If  we  again  calculate  the  tine-lagged  covariance  function  of 
two  horizontally  separated  sensors  each  looking  Independently  at  one  of  the  beams  (we  accoiqpllshed  this 
by  polarization  coding  of  the  two  beams— the  upper  detectors  In  Figure  7 would  see  only  the  horizontally 
polarized  light  fron  the  lower  laser  and  the  lower  detectors  only  the  vertically  polarized  light  from 
the  upper  laser),  the  resultant  signal  will  depend  only  on  the  effects  of  the  turbulence  within  the 
coanon  voluse  of  the  two  beaiut. 

In  Figure  8,  we  have  plotted  the  theoretical  path-weighting  function  for  C‘‘(solld  curve) 
along  with  experimental  data  points  (crosses)  obtained  with  fine  wire  teaperature  probes.  Ne  calculate 
C*  froB  Ci>  the  teaperature  structure  paraawter,  by  using  the  equation  (LANRENCE,  R.  S. , et  al., 

1§70)  ' 

C*  - [(79p/T*)10’*]*  <4  (1) 

where  p Is  the  background  pressure  In  Millibars  and  T Is  the  tenperature  In  Xelvln.  The  fine  wire 
probes  aeasure  the  saall  fluctuations  In  temperature  at  two  different  points.  TT.e  probe  responses  are 
then  subtracted,  squared,  ..nd  averaged  to  obtain  C’,  l.e., 

C*  - <lT(x)-T(x4T)]*>/r*''’  (2) 

where  r is  the  separation  of  the  two  temperature  sensors  and  the  angle  brackets  Indicate  an  ensemble 
average.  (c£  may  be  considered  the  mean  square  difference  In  temperature  of  two  thermometers  separated 
a unit  distance.)  The  data  points  In  (Igure  8 are  detemlned  by  having  a computer  take  the  five 
measured  values  of  C’  and  multiply  them  by  appropriate  weights  to  maximize  the  correlation  between 
the  optical  covariance  Masurement  (a  function  of  Cg(t))  and  this  weighted  sum  of  c’  values.  So,  the 
resulting  curve  depicts  the  relative  importance  of  refractive  turbulence  at  each  path  position  for 
producing  our  optical  measurement.  Ne  tay  Increase  our  path  resolution,  l.e.,  narrow  the  weighting 
function,  by  simultaneously  Increasing  the  vertical  separation  of  the  transmitters  and  receivers.  Ne 
change  path  positions  by  Independently  Increasing  or  decreasing  the  transmitter's  or  receiver's  vertical 
separation.  Ne  obtained  the  midpath  crossover  and  the  resolution  shown  in  Figure  8 by  separating  the 
transmitters  and  receivers  by  1.8  Fresntl  zones  AT,  where  X Is  the  wavelength  of  the  radiation  and 
L Is  the  optical  pathlength. 

Simllarlly,  we  may  measure  transverse  windspeed  In  the  conmon  volume  of  the  two  beams  (provided 
they  are  offset  slightly  In  the  horizontal  direction)  by  measuring  the  slope  of  the  time  lag  covariance 
function  at  zero  delay.  Figure  9 Illustrates  the  type  of  weighting  function  expected  (solid  line)  and 
the  experlswntal  points  derived  from  the  measuresMnts  of  five  anemometers.  Ne  obtained  the  crossover  at 
midpath  and  the  path  resolution  shown  by  vertically  separating  the  transmitters  and  receivers  by  1 . 8 
Fresnel  zones  AU  and  using  a horizontal  beam  offset  of  0.3  Fresnel  zones.  Again,  If  we  Increase  the 
vertical  separation  the  peak  will  narrow.  For  further  discussion  and  a zw>re  complete  description  of 
the  systems  advantages  and  limitations  see  NANG  et  al.  1974. 

5.  MEASUREMENTS  OF  NINOS  AND  Ct  ALOFT 

n 

There  are  extremely  Interesting  applications  of  the  above-mentioned  techniques  for  measuring 
winds  and  aloft  from  observations  of  stellar  scintillations.  Vertical  profiles  of  wind,  reziotely 
sensed  at,  say,  10  levels,  provide  Invaluable  data  for  weather  forecasting.  Remotely  sensed  profiles 
of  provide  the  necessary  Inforzuitlon  to  determine  the  performance  degrading  effects  of  atmospheric 
turbulence  on  such  optical  systems  as  telescopes  and  optical  cozaainlcatlon  links.  In  a recent  report 
(OCHS,  G.  R. , et  al.,  1974),  we  analyzed  several  techniques  for  remotely  measuring  wind  and  aloft. 

Figure  10  Is  a photograph  of  an  Instrument  that  we  designed  to  measure  horizontal  winds 
aloft.  The  system  consists  of  four  photomultipliers  arranged  orthogonally  In  pairs  as  shown  In 
Figure  11.  One  pair  (1-2)  measures  the  slope  of  the  time-lag  covariance  function  at  zero  delay  while 
a servo  system  rotates  the  mount  so  that  this  quantity  Is  maintained  at  zero.  When  this  pair  of 
detectors  registers  zero  wind  speed  parallel  to  their  separation,  the  other  two  detectors  (3-4)  are 
oriented  parallel  to  the  horizontal  wind.  Ne  then  compute  the  wind  speed  by  measuring  the  delay  to  the 
peak  of  the  covariance  function  of  the  observed  stellar  scintillations  and  dividing  this  number  Into 
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the  detector  separation.  Ptoh  the  mount  orientation  and  the  delay  to  the  peak,  we  can  then  determine 
the  wind  speed  and  direction. 

Figure  12  shows  the  optically  measured  wind  velocities  compared  with  those  determined  by  a 
rawlnsonde  launched  55  km  away  during  3 days  In  March  1972.  From  the  geometry  of  our  system,  and  the 
use  of  S-cn  apertures  separated  a distance  of  6.5  cm,  we  expected  the  wind  reading  to  be  largely 
determined  by  winds  near  the  tropopau.ie.  We  then,  somewhat  arbitrarily,  compared  our  velocity  measure- 
ments with  the  average  of  the  rawlnsonde  data  above  the  tropopause.  In  Figure  12  there  Is  good  agreement 
In  direction  and  poorer  agreement  In  wind  speed,  but  the  overall  correlation  between  the  two  sets  of 
data  Is  quite  good  considering  the  more  than  50  km  separation  between  the  optical  instrument  and  the 
rawlnsonde  launching  site.  ' 

To  measur.1  profiles  of  wind  or  C*,  we  must  have  much  better  height  resolution  than  that 
afforded  by  the  simple  two  circular  aperture  system.  We  have  undertaken  a theoretical  study  of  our 
ability  to  measure  profiles  using  narrow  band  spatial  filtering  of  stellar  scintillation  (OCHS,  G.  P.. 
et  al.,  1974).  From  the  diffraction  theory  of  the  production  of  scintillation,  we  expect  that  at  each 
height  range  one  eddy  size  of  refractive  turbulence,  the  one  that  is  a Fresnel  zone  for  the  rest  of  the 
optical  path  to  the  ground,  will  be  the  most  Important  contributor  to  scintillation  from  that  given 
height.  If  we  adjust  our  spatial  filter  to  select  only  that  wavelength  disturbance  In  the  received 
scintillation  pattern,  then  we  should  be  observing  scintillation  produced  by  refractive  turbulence 
primarily  at  that  height.  Of  course,  spatial  filters  have  side  lobes  and  the  theory  shows  that  other 
heights  will  contribute  to  the  observation  at  a given  spatial  wavelength,  but  we  would  expect  the 
weighting  function  to  have  some  sort  of  empnasls  in  the  desired  height  range.  We  are  trying  to  discover 
how  well  we  can  determine  a height  profile  of  wind  and  C^,  i.e,  how  many  levels  and  with  what  height 
averaging,  by  constructing  a weighted  sum  of  measurements  of  many  different  spatial  wavelength  detectors. 

By  adding  and  subtracting  these  data,  we  can  synthesize  an  optimum  weighting  function.  Preliminary 
evidence  indicates  that  we  are  able  to  obtain  C*  profiles  averaged  over  six  height  ranges  using  observations 
of  a single  star.  The  height  averaging  interva!  ranges  from  about  2 km  for  the  lowest  altitude  to  5 km 
for  the  highest  altitude  data. 

The  technique  of  looking  at  a single  star  can  be  modified  in  the  same  way  as  we  did  for  our 
horizontal  path  work.  For  example,  we  could  look  at  binary  stars  (ROCCA,  A.,  et  al.,  1974),  or  two 
points  on  the  limb  of  the  sun  or  moon  and  obtain  weighting  functions  quite  analogous  to  our  laser 
technique  (OCHS,  G.  R.  et  al.,  1974).  Many  modifications  of  the  horizontal  techniques  have  potential 
for  vertical  profile  work. 

6.  DISCUSSION 

We  have  discussed  recent  progress  at  NOAA  in  the  remote  sensing  of  winds  and  refractive 
turbulence  using  optical  techniques.  The  ability  to  remotely  sense  these  quantities  has  impact  on  such 
varied  fields  as  weather  forecasting,  astronomical  and  satellite  imaging  with  telescopes,  ballistics 
and  optical  communication  systems.  Remote  sensing,  as  opposed  to  in-situ  measurements,  provides  the 
only  hope  of  acquiring  sufficient  quality  and  quantity  of  data  to  understand  fully  and  to  compensate 
for  the  performance  degrading  effects  of  atmospheric  turbulence  on  optical  systems. 
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The  general  arrangement  used  to  measure  the  average  component  of  the  wind  across  a laser 
beam,  parallel  to  the  spacing  of  two  detectors. 
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A schematic  of  the  normalized  covariance  function,  showing  the  delay  to  the  peak  and  the 
slope  at  zero  time  lag. 
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SUtMARY 


■ of  the  visible  spectrum  properties  of  the  atmosphere  which  govern  the  apparent 

contrast  j ' . t :>bj».cts  have  been  made  by  the  author  and  his  colleagues  from  aircraft, 

spacecra'*  . .i  ground  stations  in  various  parts  of  the  world  throughout  the  past  thirty  years. 

Samples  ri  .:hese  data  are  presented  in  this  paper.  The  techniques  of  measurement  that  were  used 
are  described.  Examples  are  given  to  illustrate  how  the  data  can  be  used  to  predict  the  limiting 
rans'  of  detection,  recognition,  classification,  and  identification  of  any  specific  object  by 
airborne,  spaceborne,  and  ground  based  observers  or  imaging  devices. 

1.  IMTRODUCTION 

Thirty-five  years  ago  I became  responsible  for  finding  the  maximum  distances  at  which  specific 
objects  could  be  sighted  and  recognized  from  aircraft.  I knew  from  previous  flight  experience  that 
the  lover  atmosphere  Is  usually  non-uniform,  both  horizontally  and  vertically.  I believed  that  re- 
liable meac  .reisent  of  the  optical  nature  of  the  atmosphere  was  a necessary  prelude  to  mathematical 
modeling.  Thirty-five  years  ago  this  isonth  I began  a continuing  series  of  flights  with  hand  held 
photometers.  Soon  1 evolved  mathematical  models  based  upon  the  data  I obtained.  Those  here  today 
to  whom  the  terms  sky-ground  ratio  and  optical  equilibrium  in  the  path  of  sight  are  familiar  are  using 
models  which  had  their  origin  in  my  writings  in  that  early  period.  Today  I shall  talk  only  about  the 
capability  of  looking  through  long  paths  of  sight  at  objects  on  the  ground,  as  Illustrated  by  Figure  1, 

The  object  is  lighted  by  the  sun  (or  moon)  as  well  as  by  the  sky  and  is  observed  by  someone  who  is  either 
on  the  ground  or  Is  airborne.  The  object  is  viewed  against  some  background  which  appears  to  be 
inmedlately  adjacent  to  the  edges  of  the  object, 

2.  GENERAL  INFORMATION 

Figure  1 also  contains  a stylized  representation  of  various  components  which  form  the  total 
system.  Both  the  object  and  Its  background  are  Illuminated  by  some  source  of  light,  which  can  be  the  sun, 
moon,  and  sky  or  it  can  be  a man-made  lighting  device  such  as  a flare,  a searchlight,  or  a laser. 
Information  about  the  object  is  encoded  on  the  light  through  the  process  of  reflection.  Decoding  is 
accomplished  by  forming  an  image  of  the  object.  Decision  and  action  occur  after  image  information  enters 
man  through  his  visual  channel  and  is  processed  by  his  brain.  All  image-forming  light  must  traverse  a 
path  of  lighted  atmosphere  before  reaching  the  observer.  Some  of  it  is  lost  in  this  transit  and  the 
remainder  is  diluted  by  non-image  forming  ambient  light  that  is  scattered  toward  the  observer  all  along 
the  path  of  sight.  At  some  limiting  range  the  image-forming  light  becomes  too  small  a portion  of  the 
total  to  activate  the  human  visual  system  sufficiently  to  enable  the  required  degree  of  object  dis- 
crimination to  be  achieved.  Every  limiting  range  depends  upon  the  object  and  its  background  as  well  as 
upon  many  physical  factors,  which  always  include  the  lighting,  the  optical  state  of  the  atmosphere  and, 
of  course,  sensor  system  properties.  Visual  aids,  such  as  telescopes,  electro-optical  devices,  or 
photographic  systems  may  also  be  part  of  the  Image  transmitting  chain;  their  transfer  characteristics 
must,  therefore,  be  properly  allowed  for. 

Once  within  the  human  system,  the  image  information  goes  through  an  Intricate  signal  processing 
network  before  it  Is  displayed  within  the  brain.  There  its  information  content  is  combined  with  a priori 
knowledge  and  compared  with  stored  memory  in  the  process  of  perception,  decision,  and  action  by  man. 

Complex  though  the  total  system  may  be,  enough  is  known  about  every  part  of  it  to  enable 
predictions  to  be  made  in  advance  about  its  limiting  capabilities  for  virtually  any  real-world  visual 
task. 


In  a previous  NATO  Seminar  on  "Detection,  Recognition  and  Identification  of  Line  of  Sight 
Targets,"  that  was  held  at  The  Hague  six  years  ago  1 gave  a paper  entitled,  "Prediction  of  Visual 
Recognition  Range,"  which  treated  that  part  of  the  problem  which  concerns  the  eye,  the  brain,  the  role 
of  a priori  knowledge,  the  function  of  memory,  and  the  way  these  factors  combine  to  produce  decision 
and  action.  It  illustrates  a technique  that  was  evolved  in  my  laboratory  for  reliably  predicting  the 
limiting  range  at  which  the  human  visual  system  can  make  a correct  decision  and  initiate  an  action.  My 
paper  is  contained  in  the  Proceedings  of  that  NATO  Seminar.  I feel  free,  therefore,  to  concentrate  my 
remarks  here  today  on  atmospheric  effects  which  reduce  the  apparent  contrast  of  distant  objects.  The 
Inflight  measurements  1 began  35  years  ago  have  continued  with  almost  no  interruptic.is  up  to  the  present. 
For  nearly  twenty  years  most  of  this  work  has  been  performed  under  research  contracts  with  the  Air  Force 
Cambridge  Research  Laboratory  of  the  United  States  Air  Force  but  some  of  it  vcs  done  for  NASA  In  support 
of  the  Gemini  and  Apollo  Programs.  In  fact,  X am  very  glad  th'c  altitudes  visited  by  our  photo- 
meters have  Included  orbital  ones.  Dr.  Robert  Fenn,  who  Mr  ctors  our  work  for  the  U.S.  Air  Force,  is 
here  today.  He  gave  the  second  speech  on  the  program  of  this  steeting. 
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Th«  pr*B«nt  ■•rl«s  of  inflight  optical  MMuraanto  for  tha  ATCRl,  aakas  uaa  of  a C-130  aircraft 
that  haa  long  baan  dadicatad  to  thia  work.  Bafota  daacribing  tha  C>130  program,  lat  ma  ahow  aoma  in- 
taraating  amasuramanta  that  ware  made  during  tha  1940'a  and  19S0'a. 

Iha  beat  data  aacurad  during  tha  1940'a  ware  obtained  with  an  airboma  photographic  apactro- 
radlometer,  called  tha  apactrcgeograph.  Figure  2 ahowa  that  inatrumant  Inatallad  in  tha  camera  pit 
(radio  room)  of  a B-17  aircraft.  In  addition  to  recording  apactra  from  objacta  on  the  ground  it  could 
map  the  apactral  radiance  of  tha  aky  above  tha  aircraft  through  a perlacope  which  iMy  be  aean 
protrudlTig  through  the  open  upper  hatch. 

Figure  3 ahowa  an  interior  view  of  the  apectrogeograph  and  a achamatlc  of  Ita  optical  ayatem. 

It  could  meaaure  apectral  radiance  throughout  any  octave  bettiegn  430  and  900  nanometers  with  a apactral 
resolution  of  7 nanometera  and  a spatial  resolution  of  3.2x10  ° steradians. 

Figure  4 is  a typical  picture  from  the  identification  camera  of  the  apectrogeograph  showing  the 
position  of  the  slit  at  the  moment  the  spectrogram  was  made.  The  spectra  of  the  white  and  black  ground 
panels  show  prominently  in  the  spectrogram,  as  does  the  dark  shadow  of  the  parked  aircraft. 

One  early  result  from  the  apectrogeograph  was  a co^arison  between  tha  reflectance  spectrum  of 
a single  leaf  with  that  of  the  tree  from  which  it  came.  This  is  shown  in  Figure  S. 

The  apectrogeograph  could  be  used  both  airborne  and  at  ground  level  to  explore  atmospheric 
effects.  Figure  6 compares  reflectance  spectra  over  shallow  ocean  bottoms  measur<>d  at  an  altitude  of 
1310  meters  with  corresponding  spectra  as  smasured  from  a glass-bottomed  boat.  Tlio  dlfferancea  between 
the  sets  of  spectra  are  due  to  the  effect  of  1310  meters  of  atswsphere  as  well  as  to  n,  ;<'?.tion  of  the 
sky  by  the  surface  of  the  sea. 

Spectra  of  ground  panels,  like  those  in  Figure  4,  obtained  at  various  altitudes  aided  and 
confirmed  the  early  theorecical  developments.  1 shall  skip  over  the  extensive  experiments  we  made 
during  the  late  1940's,  the  19S0's,  and  the  1960's,  partly  because  they  are  described  in  literature 
references,  except  to  note  that  optical  conditions  at  altitudes  beyond  50,000  feet  were  measured  from 
a Havy  F2H  twin  Jet  fighter  carrying  instruments  we  designed,  and  that  our  Instruments  flew  in  orbit 
on  Gemini  5 and  7 with  coordinated  C-130  documentation  of  the  lower  atmosphere. 

Since  1970  there  has  been  a steadily  Increasing  flow  of  high  quality  atswspheric  optical  data 
measured  from  the  C-130  aircraft  in  '^urope  and  America.  Most  of  these  data  banks  are  ix>re  completely 
presented  than  their  predecessors,  but  thus  far  only  in  the  form  of  unclassified  contract  reports. 

Even  so,'  not  all  of  the  usable  new  flight  data  are  in  printed  form  ready  for  general  use.  In  our 
experience,  many  applications  of  the  in-flight  optical  data  are  for  such  specific  locations,  seasons, 
times  of  day,  and  weather  conditions  that  special  readouts  from  our  data  banks  stored  on  magnetic  tape 
seem  to  be  the  only  satisfactory  procedure.  In  fact,  computer  interpolations  between  measured  data  are 
often  necessary. 

It  is  impossible  in  the  time  available  for  presenting  this  paper  to  und.^rtake  an  in-depth 
treatment  of  our  present  theorecical  structure  or  the  airborne  instrumentation,  but  the  quoted  references 
will  fill  that  gap.  In  the  remainder  of  this  Calk  I will  describe  our  custosiary  data-taking  procedure, 
including  Che  flight  patterns  we  are  using  and  the  kinds  of  measurements  t:  make.  I will  then  describe 
our  data  reduction  philosophy  and  practice  by  means  of  flow  charts,  and  finally  discuss  the  data  outputs 
we  achieve  and  illustrate  them  with  a sasqile. 

The  C-130  has  made  two  sets  of  experiments  in  Germany;  the  first,  in  1971,  used  a flight  track 
between  the  towns  of  Mengen  and  Mlndelheim  which  lie  a short  distance  west  of  Munich,  as  shown  in 
Figure  11.  Ten  flights  were  cosq>leCed  on  that  flight  track.  In  1974  the  C-130  operated  on  a Crack 
centered  on  Oldenburg  not  far  from  the  Netherlands  border  in  northern  Germany  as  shown  in  Figure  12. 
Eighteen  flights  were  conq>leted  on  that  track.  The  C-130  has  also  obtained  data  on  tracks  located  in 
northern  Spain,  in  the  western  Mediterranean  and  in  northern  Morocco,  as  shown  in  Figure  13. 

In  the  United  States,  our  bank  of  C-130  data  Includes  flights  over  southern  California,  central 
New  Mexico,  southern  Illinois,  southern  New  Hampshire,  northern  Michigan  and  western  Washington  as  well 
as  data  taken  over  Che  ocean  off  California  and  off  western  Florida.  Figure  14  is  a tabular  summary  of 
available  recent  data  of  high  quality. 

At  this  meeting  are  single  copies  of  two  of  the  reports  that  suamarize  some  of  our  data  banks 
in  graphical  and  tabular  form.  They  describe  diagrams  like  Figure  15  which  shows  the  computer  data 
processing  sequences.  More  Important  perhaps  are  the  scientific  flow  charts  like  that  illustrated 
by  Figure  16,  which  Illustrates  that  the  design  of  the  experiment  is  such  that  most  of  the  end-product 
results  can  be  calculated  from  more  than  one  set  of  data  input  channels;  that  Is  to  say,  two  or  more 
different  kinds  of  experiments  are  made  simultaneously  throughout  the  flights  and  the  given  end-product 
atmospheric  property  can  be  calculated  from  these  independently  measured  Inputs.  If  they  agree,  the 
credibility  of  the  data  is  enhanced.  This  experimental  design  did  not  occur  by  accident,  but  was 
achieved  as  a result  of  a great  deal  of  theoretical  and  experimental  work  over  the  years.  We  consider 
it  to  be  a cornerstone  of  our  program. 

Time  will  not  permit  me  to  show  more  than  a sample  of  data.  Figure  17  is  a semi-logarithmic 
plot  showing  altitude  on  its  vertical  scale  and  total  volume  scattering  coefficient,  in  reciprocal  meters 
on  its  horizontal  scale.  Clear  air,  evidenced  by  small  scattering  coefficient,  is  at  the  left  and  hazy 
air,  having  a larger  scattering  coefficient,  is  on  the  right.  The  results  from  six  flights  on  different 
days  over  the  Mengen  track  near  Munich  are  shown.  At  ground  l*'Vel  the  scattering  coefficients  cluster 
close  together,  and  at  altitudes  between  two  and  five  klloiaeters  they  are  tightly  clustered  to  about  the 
same  extent.  Between  the  ground  and  two  kilometers,  however,  major  dissimilarities  were  found.  Consider 
the  data  represented  by  the  triangular  points.  Note  how  scattering  coefficient  increases  with  altitude 
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baglnnlog  at  ground  laval.  Th«r«  la  a layar  of  haaa  Mora  than  a klloaatar  thick  In  which  tha  scattering 
coefficient  la  nearly  twice  that  at  ground  level.  Above  the  base  layar  the  air  becoaes  clearer  until 
above  two  klloaatere  the  points  approximate  a straight  line  that  denotes  ah  exponential  atmosphere.  The 
data  represented  by  tha  crosses  represent  a very  different  atmospheric  structure.  In  the  first  1.25 
kilometers  above  the  ground  the  air  becoates  clearer,  almost  exponentially.  From  1.25  to  1.90  kilometers 
Is  a weak  haaa  layer  within  which  the  scattering  coefficient  becomes  smaller  exponentially  with  altitude. 
Between  2.2  and  4.6  kilometers  Is  very  clear  air  in  which  tha  scattering  coefficient  did  not  change  with 
altitude.  Above  that  is  a very  weak  here  layer. 

Optical  circumstances  of  tha  type  Illustrated  by  Figure  17  are  conmonplace.  The  bottom  of  the 
clear  atmosphere  usually  contains  a convectlvely  mixed  layer  having  many  optical  complexities.  It 
often  terminates  at  a temperature  Inversion  that  caps  the  convective  process.  Above  are  exponential 
layers  of  clearer  air  that  are  often  separated  by  weak  hase  layers.  Optical  correlations  with  aii- 
temperature  structure  are  poor,  but  correlation  with  dew  point  temperature  (or  the  partial  pressure  of 
water  vapor)  can  be  excellent,  as  shown  by  Figure  18  (DUNTIJET,  S.Q.,  1957),  which  represents  B-29 
data  from  1956. 


! 


Duntley,  S.Q.,  1957:  Image  Transmission  by  the  Troposphere.  J.  Opt.  Soc.  Am.  499-506, 

Fig.  10.  p.  506. 
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Available  Data  Bank  of  Daytime  Data 


Latitude 

Season 

Terrain 

Field  Trip 

Geographical  Location 

No. 

Complete 

Flights 

53PN 

May,  Jun 

Green  pasture 

HAVEN  VIEW  II 

Northern  Germany 

18 

40PN 

May,  Jun 

Green  pasture 

HAVEN  VIEW  1 

Southern  Germany 

10 

46.8PN 

Jul 

Br\mrn  prairie 

SEEKVAL 

Western  Washington 

10 

45.6“  N 

Mar. 

Snow,  ice 

SNOWBIRD 

Northern  Michigan 

4 

43.3PN 

Apr 

Rolling  hills,  wooded 

SENTRY 

New  Hampshire 

8 

41 .5“  N 

Apr,  May 

Dry  range 

HAVEN  VIEW  1 

Northern  Spain 

2 

38,6“  N 

Apr 

Oce, 

HAVEN  VIEW  1 

Western  Mediterranean 

4 

38.6“  N 

Aug 

Cultivated  farm 

METRO 

Southern  Illinois 

14 

28.5“  N 

Jan 

Cultivated  farm 

GATEWAY 

Southern  Illinois 

6 

36.0“  N 

Jan 

Desert 

LOCAL  III 

Southern  California 

3 

33.6“  N 

May 

High  desert 

HAVEN  VIEW  1 

Eastern  Morocco 

3 

33.3PN 

Oct,  Nov 

High  desert 

ATOM 

Central  New  Mexico 

7 

33.2“  N 

Mar. 

Low  desert 

LOCAL  1 

Southern  California 

2 

33.2“  N 

Oct 

Low  desert 

LOCAL  II 

Southern  California 

1 

33.2°  N 

Jan,  Feb 

Low  desert 

LOCAL  III 

Southern  California 

2 

32.7“  N 

Mar.,  Apr 

Ocean 

LOCAL  1 

Southern  California 

2 

_ 

Oct 

Ocean 

LOCAL  II 

Southern  California 

1 

Feb 

Ocean 

L CAL  III 

Southern  California 

1 

29.9“  N 

Jan,  Feb 

Ocean 

SEMINOLE 

Western  Florida 

9 

I 
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SUMMARY 

The  main  feature*  of  an  unique  therry  of  atmoipheric  passive  and  active  vision  for  0.35  /jn  < X < 14  pm  will  be 
presented  and  discussed.  The  signal -to-noise  ratio  AQ/o^  corresponding  to  the  detection  of  the  vision  signal,  i.e.  | 

the  apparent  radiance  difference  at  the  observation  site,  is  used  at  the  basic  physically  limiting  magnitude.  It  ! 

establishes  a general  vision  formula.  Different  noise  limitation*  (detector,  device  radiation,  signal  photon  noise) 
ore  used  to  derive  in  special,  more  applicable  equations.  Koschmieder's  theory  for  human  vision  follows  as  a spe- 
cial cose.  The  theoretical  results  ore  applied  numerically  to  passive  thermal  vision..  The  optimization  of  optoelectro-  | 

nic  vision  systems  is  considered  by  approaching  signal-limited  photon  noise  (SLIP)  conditions  in  contradiction  to  \ 

BLIP-oondltions,  and  using  reduced  wavelength  bonds  for  atmospheric  vision.  Finally  the  problem  of  defining  and  I 

measuring  characteristic  lengths  comparable  to  the  Visual  Range  V will  be  touched  and  a proposal  is  presented.  ! 


3.  INTRODUCTION 


Atmoipheric  conditions  together  with  target,  background  and  imaging  device  characteristics  are  limiting  the  perfor- 
mance of  optoelectronic  and  other  observation  systems,  with  what  e.g.  the  human  eye  or  a photographic  camera 
is  used  os  imaging  device.  Based  on  ambient  and/or  self-emitted  radiation  “passive"  systems  ran  be  realized  at 
least  within  the  wavelength  range  from  about  0.35  ^ to  14  pm  beside  of  the  application  of  longer  wave- 
lengths for  imaging,  e.g.  that  of  mm-waves.  "Active"  systems,  including  a controlled  radiation  source,  e.g.  o la- 
ser, beneath  the  atmoipheric  ozone  layer  might  be  applicable  already  for  wavelength*  larger  than  about  0.25  pm. 
They  will  be  considered  in  this  context  up  to  about  14  pm  beside  of  the  formal  applicability  of  the  theory  to  lon- 
ger wavelengths  covering  at  least  the  overlapping  area  between  ir-sy*temi  and  radar-systems. 


i 


Different  types  of  observation  principles  can  be  combined  into  multi-observation  systems,  which  are  using  simulta- 
neously or  alternatively  different  spectral  bonds,  passive  and  active  modes,  including  range  gating,  different  spatial 
and  time  resolutions,  1-  and  2-dimensional  scanning  etc.  They  ore  of  very  high  interest  regarding  observation  tasks 
like  detection,  recognition  and  identification,  if  they  should  be  performed  with  one  instrument,  especially  under 
conditions  of  limited  otmospheric  observability.  An  unique  analytical  description  of  atmospheric  vision  including 
basic  target,  background  and  device  parameters  is  necessary  to  evaluate  and  compore  different  imaging  methods  and 
system*.  Having  in  mind  mostly  2-dimensional  systems  in  the  following  often  the  terms  "vision"  and  "imaging"  will 
be  used  in  a general  sense  insteod  of  observation  and  beside  of  the  fact  that  the  1 -dimensional  aspect  is  fully  in- 
cluded. 


The  main  features  of  such  a theory  will  be  presented  and  discussed.  Especially  regarding  the  influence  of  different 
noise  limitations.  Its  application  to  ponive  thermal  vision  is  illustrated  by  numerical  examples.  Optimization  and 
the  problem  of  defining  and  measuring  characteristic  lengths  comparable  to  the  Visual  Range  V ore  touched  finolly. 


For  X < 3 pm,  especially  within  the  visual  band  atmospheric  limitations  can  be  described  by  Koschmieder's  virell- 
known  theory  (Koschmieder,  H.,  1924;  elaborated  on  ond  applied  by  Duntley,  S.Q.,  1948,  Middleton,  W.E., 
1952  and  1957,  and  others).  Using  the  contrast  K = (L^  - l^/L2t  where  L.  = apparent  radiance  at  the  observation 
site,  a*  cn  empirically  found  limiting  figure  for  human  vision  (e.g.Schober,H.,  1970,  or  Grand, Y.le,  1968)  this 
theory  results  in  range  equations  and  o characteristic  length,  the  Visual  Range  V.  More  recently  it  was  often 
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u$«d  with  th*  con  treat  dtfinition  C “ (L^  - L2)  / (L^  -t*  l^).  V h <h*  mcKimum  dittanc*  at  what  during  daylight 
conditiom  a lorg*  "black",  i.a.  non-radiating  ob|«ct  con  bo  c^Morvod  by  tho  human  oyo  against  tho  horizon  undor 
simplifying,  but  usually  opplicobU  conditions.  Tho  corrosponding  contrast  throshold 

oquivalont  to  on  otmo^ihoric  tronsminion  of  r * 0.02  along  V.  For  human  twilight  and  night  vision  highor,  ompiri- 
cally  dotormlnod  values  of  hovo  to  bo  used. 

For  X>3fimtho3to5pm  and  8 to  14  /im  otmosphoric  window  regions  offer  tho  possibility  of  thermal  vision. 


An  unique  theory  of  passive  vision  for  0.35  pm  < X < 14  pm,  from  what  Koschmieder's  theory  follows  os  a special 
case,  was  presented  recently  (Hohn,  D.H.,1975).  Active,  especially  gated  viewing  could  be  incorporated  after- 
wards based  on  on  analysis  of  the  performance  of  gated  viewing  systems,  presented  earlier  (Buchi^emann,  W.  and 
D.H.Hohn,  1973).  The  following  is  devoted  to  o short  review  including  the  active  aspects,  and  the  results  of 
recent  detail  analysis  and  applications  of  the  theory  to  thermal  vision,  as  mentioned  obove. 


j 

i 

s 

> 
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2.  MAIN  FEATURES  OF  AN  UNIQUE  THEORY  OF  ATMOSPHERIC  VISION 
2.1  Vision  Signol 

Observation  is  equivalent  to  discriminating  the  apparent  radiance  difference.  Including  the  special  cose  of  a lumi- 
nance difference,  AL  ^ - l2>  between  the  ob]ect  of  observation  ond  its  surrounding  or  between  different  reso- 

lution areas  at  on  object  In  the  coses  of  recognition  and  identification.  The  observed  erwemble  of  L.  will  be  called 
scene  in  the  following.  The  ofaservotion  has  to  be  performed  ot  a certain  distance  R from  the  scene  within  a certain 
time  At  corresponding  to  o bandwidth  of  Af  e>  1/At.  At  the  detector  or  amplifier  output  it  results  in  o meon  vision 
sigrml  S reloted  to  AL,  and  the  corresponding  noise  N.  The  physical  limitation  is  given  by  the  signal -to-rsoise  ratio 
S/N  2;  p with  p being  a threshold  value  dependent  on  the  signal  procouing  and  finol  detection  method  used  with 
the  system.  In  the  following  p = 1 will  be  used  os  a significant  order  of  magnitude.  For  the  evaluation  of  a special 
imaging  system  the  appropriate  value  p has  to  be  determined,  maybe  based  on  other  figures  of  merit,  e.g.  the  con- 
trast at  a display  including  on  additional  time  Integration  due  to  human  vision  os  final  perception  process  behirtd  the 
display.  So  even  values  p < 1 ore  possible. 

T A 

If  Lj  is  the  mean  initial  radiance  of  a resolution  area  in  the  scene  at  R,  r the  atmospheric  tronimission,  and  L 

the  atmospheric  path  radiance  dong  R,  the  apparent  radiance  L.  at  the  observation  site  con  be  described  by 


L,  = L,  + L.  , 
1 i,p  i,o  ' 


P '»P  a i,a  p a 


(1) 

(2) 


I 

j 

I 

J 

A 

■i 
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® tlJ+  for  fp  ® or  pure  passive  vision  . 


(3) 


p is  Standing  for  pouive,  o for  active  contributiorw.  From  these  equations  it  results  the  apparent  radionce  differenoet 


AL  = T AL  J + V A L^ 
p p o o 


= T AL^  S AL^  with  T S 1, 


for  T 


or  pure  pouive  vision. 


(4) 

(5) 


Certainly  all  magnitudes  have  to  be  weighted  for  source,  atmospheric,  target,  background  and  device  spectral 
characteristics,  if  necessary  regarding  the  spectral  bond  used.  The  indOK  i no  longer  is  used  in  this  context,  e.g. 
Equ.(4)  and  (5).  Contributions  from  other  scene  elements  onto  the  two  elements  under  consideration,  I.e.  the  as- 
pect of  optical  transfer  function  OTF,  Is  not  incorporated  into  this  theoretical  attempt  therefore  up  to  now.  The 
some  is  true  concerning  the  effects  of  atmospheric  turbulence  on  Imaging  resulting  In  on  atmospheric  OTF.  For  slant 
path  vision  models  are  necessary  to  calculate  r and  L'^. 
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with  pcMiv*  vttlon  lh«  initial  rodioncM  of  lfi«  icon*  •laments,  l7^  are  either  due  to  ambient  Irradiation  and  coded 
by  different  reflectivitlei,  or  to  self-emitted  radiation  coded  by  temperature  and/or  emissivlty.  X ^ 3 /im,  often 
used  in  this  context,  defines  the  corresponding  wavelengdt  regions  rou(^ly.  With  active  vision  Is  due  to  the 
irradiation  of  the  scene  by  the  additional  source.  It  is  dependent  on  its  radiant  intensity,  the  relevant  atmospheric 
transmittion  r^,  and  the  reflectivities  in  the  scene.  Reflection  coding  is  the  dominant  process  establishing  the  image 
beside  of  the  pouible  change  of  scene  temperatures  by  high  power  loser  irradiation. 

The  path  radiance  L is  due  to  atmospheric  scattering  and  atmospheric  emiuion  being  the  dominant  effects  with 

passive  vision  for  X < 3 jm  and  X > 3 /sm  resp.  Contributing  to  the  apparent  radiance,  Equ.(1)  to  (3),  os  an  addi- 

A ^ 

tive  term  L is  not  affecting  the  mean  vision  signal  AL  directly.  But  it  is  the  reason  for  on  increase  of  the  notse 

N of  S resulting  in  a decreasing  observability  using  signal-photon  noise  limited  systems.  In  addition  to  this  it  is 

the  reason  for  a decrease  of  the  contrast  K or  C being  essential  for  purely  contrast  limited  systems  like  the  human 

eye  under  daylight  conditiora.  D'fferent  imaging  methods  result  in  different  expreuions  for  the  path  radiance  L , 

and  will  be  summarized  shortly  in  the  following. 

In  the  visual  band,  and  in  the  following  atmospheric  window  regions  up  to  about  3 pm  L can  be  presented  as 


•=  l”  (1  - exp-oR)  = (L' V)0  - •xp-oR), 


«) 


where  t = exp-oR  = atmospheric  transmission  with  a = extinction  coefficient,  R = distance,  L''  = horizon  radiance 
A 2 *1 

and  L'  = differential  path  radiance  [ Wm  sr  /m]  or  luminance,  often  called  path  function  offering  the  treat- 
ment of  slant  path  vision. 

Concerning  thermal  vision,  usually  dominant  for  X > 3 fan,  the  assumption  of  small  thermal  signals,  i.e.  of  similar 
temperatures  of  the  scene  elements  and  the  atmosphere  (Tq)  results  in  a comparable  presentation: 


sLo=Lo(l  -T), 


(7) 


T T T T T 

with  L|  - Lj  * At.  OlL^,  L2  ~ LqOq)  = block-body  radiance  for  ambient  temperature  T^,  (f  bj  1 - t)=  emissivlty. 


The  transmission  r,  if  not  monochromatic  radiation  is  considered,  usually  cannot  be  presented  as  on  exponential 
for  ir-bands.  Again  it  is  possible  to  think  of  Lq  os  thermal  horizon  radiance  because  r***'OifR-»'eoina  plane 
atmosphere  already  assumed  with  Equ.(6).  For  the  apparent  radiance  Lj,  Equ.(3),  with  Eqo.(7)  it  holds  the  oppra- 
ximation  Lj  Lg  (Tg)  too,  if  not  AL  has  to  be  calculated. 

In  general,  both  Equ.(6)  and  (7)  have  to  be  applied,  especially  around  3 pm.  Beside  of  their  range  gating  copobi- 

A 

lity  the  interesting  feature  of  gated  viewing  systene  is  the  reduction  of  the  path  radiance  L . The  passive  contri- 
butions in  Equ.(1)  to  (3)  ore  reduced  by  the  duty  cycle  of  the  gated  imaging  device  and  the  spectral  filtering 
possible  with  small  band  sources  like  lasers.  L^  is  mostly  due  to  radiation  scattered  backwards  out  of  the  transmitter 
cone  Into  the  receiver  cone  in  the  effective  gated  area  AR^^^  £ AR  dependent  on  the  tronsporen  'y  and  the  position 
of  the  object  within  the  gated  range  AR  defined  by  the  source  pulse  duration  and  the  detector  gating  time.  AR  is 
lying  around  R that  is  defined  by  the  delay  between  b Todiation  reflected  ot  other  scene  elements,  but  mostly 
in  the  neighborhood  of  the  resolution  elements  under  ition,  and  scattered  forward  into  the  receiver  cone 

within  the  time  limitations  of  gating,  results  in  a highe,  contribution  to  L^,  affecting  the  actual  OTF  of  the 

system.  Detail  analysis  showed  (BUchtemann,  W.  and  D.H.Hohn,  1973)  that  with  usual  gated  viewing  systems  not 

A A 

the  remaining  path  radiance  is  limiting  its  performance  but  the  signal  Induced  photon  noise,  i.e.  the  lack 

of  photons  with  decreasing  atmospheric  tronsmluion  and  source  Intensity. 


2,2  General  Vision  Formula 

To  derive  in  a general  vision  formula  the  ultimate  noise  limitation,  i.e.  photon  noise,  has  to  be  considered'  together 
with  other  noise  sources.  Using  the  relevant  device  figures,  the  geometrical  parameter 

g = F^  Dq  4,  (8) 

1 
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1 


and  Hm  photon  para  motor 


r ■ t)  he,  (9) 

tha  avMoga  photon  numbtrr  cerroipondlng  to  AL,  and  itt  nolto  con  bo  coleulotad.  Tho  following  notation 
VMO  mod  with  Equ.(8)  and  (9):  ■ roiolutlon  oroo  in  tho  icono,  ■ wild  onglo  lulxtondod  by  tho  collocting 

optioi  oi  won  fram  tho  toono,  { ■■  tfantmi«lon  of  tho  dovicoi  6^  ■■  rowlution  onglo  of  tho  dovtco,  ■ diomotor 
of  tho  eollocting  optiei)  t;  “ quontum  offlcioncy,  ^off"  offoctlvo  wovolongth,  Af  ■*  bandwidth  w i/At,  h ~ 
Planck's  constant,  c ■ spood  of  radiation. 

/ J 

Tho  rolovont  noiso  is  duo  to  throo  offocist  (I)Signol  induood  photon  notso:  y rQ|  Q , (2)  photon  nolsoof  oddi- 
tionol  radiation  oP  that  doos  not  carry  uwful  imogo  informotion,  liko  thonnol  omission  in  tho  dovioo: 
ottd  (3)  puro  dotoctor  noiso;  Tho  lottor  is  roprosontod  for  convonlonoo  by  tho  h^lhotical  photon  numbor 

Q^,  vrhich  vniuld  rosult  in  tho  somo  photon  noiso  but  which  actually  is  not  ontoring  tho  dotoctor.  If  tho  somo 
bandwidth  Af  Is  govorning  this  twlw  oomfMnont,  it  can  bo  roprosontod  by 

NEPJ^  . (10) 

Tho  signal -to-notso  ratio  AQ/b^  ostobllshos  tho  gorwral  vision  formula: 

? _ AQ  _ ■ ®2 

RT  a — ~r  ~ """“w 

^ ‘^A  VQ,  + Qj  + 20^^ 


T AQ' 


t(Q{  + Qj)  + 2(Q^  + q' 


+ Q^) 


a:  p w 1. 


AQ  Is  tho  moon  quantum  numbor  rolotod  to  AL  of  Equ.(4)  and  (5),  Is  tho  noiso  prosortt  including  photon  noiso 
(Q|  + Q2),  and  dotoctor  noiso  (Q^.iQ^  + Q2)cansists  of  tho  opporont  vision  signal(r(Q|  + Q^)  + 2 Q^)ond 
tho  photon  flu>;(Q^)not  carrying  usohil  vision  information,  that  can  bo  modo  vory  small  with  proporly  dosigpod 
imaging  dovioos.  It  Is  roprosonting  tho  background  noiso  limitation  In  tho  moaning  of  a BLIP-condition.  With  tho 

notation  usod  In  Equ.(iO)  this  noiso  should  not  bo  incorporatod  in  NEP  BLIP-voluos  would  bo  roprosontod  by 
D N D N on 

Q + Q . Q - 0 with  Q « Q|  -)■  Q2  corrosponds  to  no  background  and  no  ossontiol  dotoctor  noiw  limita- 
tions. Tho  dovico  is  working  undor  signal  limitod  photon  noiso  (SLIP)-conditions  in  this  cow.  p m 1 is  on  ordor 
of  mognitudo  only  as  montiorwd  olroody  oorllor. 

3.  DISCUSSION 

In  tho  context  of  this  discussion  tho  thormol  imogors  dofinod  in  Tablo  1 will  bo  considorod  os  oxomplos  for  passive 
thermal  vision  systems.  Thoro  other  relevant  figures  for  Tq  = 300  K and  AT  = 1 K ore  compiled  too. 

3.1  Dotoctor/Oovico  Noise  Limitod  Systems 

2(Q*^  + Q°)  » t(q{  + qJ)  + 2Q'^,  (13) 

'»■  2Qq  for  small  thormol  signals, 

defines  systems  limitod  by  dotoctor  (Q*^  and/or  dovico  radiation  (Q^)  noiso.  Unoqu.(13)  holds  for  tho  imagers 
described  in  Table  I . Tho  NEP^^  - values  given  there  contains  and  contributions  corresponding  nearly  to 
a 2ff  - BLIP  condition. 
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wavelength  bond  AX 
eff.  wavelength  X^^  used 

3 to  5 

4 

8 to  13 
10.5 

lun 

collecting  optics  diom.  D. 

0 

resolution  angle  9 
device  transmission  ( 
quantum  efficiency  q 
borrdwidth  Af 

*^'’;ff 

geom.  parameter  g 
photon  parameter  y 

1( 

1(X 

6x10"’’ 

8x 

1.6x  10’^ 

) 

).8 

).8 

4x10-’« 

10-’ 

4.2  X 10’* 

cm 

mrad 

KHz 

W 

2 

m w 

W-’ 

bl . -body  radiance  + 

1.46 

50 

Wm"^sr”’ 

diff.bl.-body  rod.  -t- 

5.8x10"^ 

7.5x10"’ 

Wm"V’K"’ 

diff.bl.-body  contrast  C + 

2 X 10"^ 

0.8 X 10"^ 

K-’ 

rwise  number 

9.2 x 10^ 

2.8x  10’° 

initial  photon  number  -t- 

1.9x  10* 

1.7x  10® 

Initlol  diff.  " " AQ^  + 

7.4  X 10* 

2.5  X 10* 

K"’ 

device  lim.min.tronsm.  + 

0.18 

0.09 

K-’ 

.1 

"min 

0.03 

0.007 

K ' 

TqbU  1;  Thwrmal  imaging  d«vlc«  and  «c«n«  poramaten,  and  limiting  atm<Nph*ric  tranimiuion  for 

pottiva  vition  of  tmal.l  tharmal  «ignali  around  ambient  tainparatura . 

The  figures  maiked  with  + are  calculated  for  300  K.  With  this  example  rectangular  bonds 
AX  ore  assumed,  the  center  wavelength  is  used  as  X^^f  The  bandwidth  Af  determines  the  photon 
counting  period  (Equ.(9)),  and  the  NEP-volues  presented  (Equ.(9)  and  (10)).  With  detail  analysis 
of  a special  device  the  actual  scanning  method  has  to  be  taken  into  account.  The  iotter  may 
result  in  different  Af  - values  characterizing  the  photon  collecting  period  and  the  detector  noise. 


The  general  vision  formula  Equ.(12)  with  condition  (13)  reduces  to 
= 0.18K”^  and  0.09 K"^  resp.  (see  Table  1). 

The  maximum  range  implicitly  given  by  Equ.(14),  under  these  corKlitiore  concerning  the  atmosphere  is  only 

dependent  on  transmission,  but  rtot  on  path  radiance.  The  contrast  C is  no  essential  assessment  figure.  The  critical 
scene  figure  AL^  often  is  called  "thermal  contrast"  In  contradiction  to  the  "relative  thermal  contrast"  C and  K resp. 

The  rrumericol  results  presented  berreotfi  Ec|u,(14)  for  the  thermal  inragers  defined  in  Table  1 for  the  3 to  5 pm  and 
8 to  13  pm  band  are  calculated  for  smoll  thermal  signals  (see  Chapter  2.1)  with  AT  « 1 K.  For  AT  ■ 0.1  K It 
would  follow  * 1.8  or  0.9  resp.,  indicoring  that  with  the  3 to  5 pm  imager  AT  ■ 0.1  K cannot  be  de- 
tected with  the  givon  values  g orsd  y.  t * 1 would  result  in  C.18  K os  a limiting  temperature  difference  in 


40^ 


agrMnxnt  with  typical  valuM  roallzod  by  cornmorctol  Imogon  of  thti  typ*. 


3,2  Signal-Photon  Nolf  Llmltod  Sytttmi 
Tho  oofTMpondlng  SLIP-cendltlen  Is  glvon  by 

2 (Q*^  + Q® ) « t(qJ  + qJ)  + 2 04) 

«2Qg  for  small  thormol  signals. 

D 2 

Coolod  aporturos  and  spactral  flltoring  should  allow  a raductlon  of  Q by  focton  around  10  approaching  tho  con- 
dition (14),  SCO  Table  1,  and  Ihoroforo  resulting  In  almost  optimized  Imoging  devices  even  In  the  thermal  range. 

In  the  visual  range  and  the  very  near  Ir  they  con  be  realized  usually.  The  general  vision  formula,  Equ.(12), 
with  condition  (14)  and  Introducing  the  contrast  C = (Q^  - Q2)/(Q^  + Q2)  reduces  to 

/F  JtAQ^  2:  1 , (15) 

Indicating  that  the  contrast  C con  be  used  as  a meaningful  assessment  figure  In  this  case,  equivalent  to  the  foet 
that  concerning  the  atmosphere  transmission  ond  path  radiance  ore  limiting  the  observation,  r in  general  cannot 
be  separated  os  In  Equ,(13)  resulting  In  a ” '•^®^*®*** 

Koschmieder's  theory  for  humon  daylight  vision  follows  with  ” 0.01.  For  twilight  and  night  vision 

higher  ~ values  dependent  on  the  actual  adaption  luminance  hove  to  be  used. 

With  small  thermal  signals  around  omblent  temperature  (see  Equ.(7))  it  would  follow  for  thermal  SLIP-systems 


C = 


rCft  a C . 

0 mm 


_1 

tAQ^ 


or 


^mln 


Vygy ' 

aq^  aJ 

0.03  K’’  Old  0.007  K"’  resp. 


(16) 


(17) 


for  the  Imogers  defined  In  Table  1 but  optimized  occording  to  condition  (14).  Formally  this  situation  is  comparable 
to  the  observation  of  a grey  obfect  against  the  horizon  using  the  contrast  C Instead  of  K os  by  Koschmieder. 

With  T . =0.3  ond  0.07  resp.  for  AT  = 0.1  K under  SLlP-condltions  the  imagers  defined  In  Table  1 would  be 
ready  to  observe  it  but  only  at  the  8 to  13  pm  band  with  a spatial  resolution  of  0.1  mrod  equivalent  to  g = 8 x 10 


3.3  Optimized  Atmospheric  Spectral  Bands 

N D 

In  addition  to  the  optimization  based  on  the  reduction  of  Q and  Q , i.e.  approaching  SLIP-conditlor»  for  the 

device,  an  optimization  Is  possible  to  some  extent  regarding  the  atmospheric  qsectral  band  used  with  the  observa- 

T T A 

tion.  This  has  to  be  equivalent  to  a decrease  of  the  signal-photon  noise  Itself  represented  by  r(Q^  + Q^)  + 2Q  . 
Time  gating  os  example  Is  resulting  In  this  type  of  optimization  by  reducing  the  atmospheric  path  radiance  with 
another  method. 

A 

A limitation  of  the  spectral  bond  to  regions  of  high  atmospheric  transmission  Is  reducing  the  path  radiance  L , os 

shown  by  Equ.(6),  but  usually  even  the  vision  signal  AQ  corresponding  to  AL  = r AL^.  For  small  thermal  signals 

around  ambient  temperature  Equ.(14)  and  (17)  can  be  used  to  dirauss  this  effect  qualitatively.  They  show  that 

N 

systems  with  different  noise  limitations  ore  Influenced  in  a different  way.  With  detector-noise  (Q  ) limited  systems 
the  reduction  of  AQ^  would  hove  to  be  bollonced  by  the  increase  of  r.  so  that  basically  a linear  relation  has  to 


hold  botwMn  r(AX)  oitd  r(b  around  o with  Iho  roductlon  factor  b < 1,  so  that 
b T(b  AX)  > t(AX),  (18) 

corrospondlng  to  on  Incrooio  of  Usually  this  condition  cannot  bo  hilflllod.  Thorofbro  with  dotoctor-nolso 

llmltod  systems  R Is  Inoroosind  with  b > 1,  l.o.  with  a broadening  of  the  spectral  bond,  e<|ulvalent  to  the 
nMx 

foot  that  they  are  r>ot  limited  by  atmospheric  path  rodlonce  but  only  by  atmospheric  tronsmlulon. 

With  SLIP-devices  only  a squore-root  relation  has  to  be  fulfilled  bosieollyt 

VFT(bAX)>T(AX)  (19) 

results  in  a higher  R . Numerical  calculations  based  on  spectral  atmospheric  transmiulonhas  to  be  used  to  de- 
nnox 

termine  the  actual  factor  in  Equ.(19)  because  this  relation  is  only  a zero  order  approximation.  The  some  is  neces- 
sary if  the  system  is  limited  by  device  rodiotion  Cp.  It  con  be  reduced  too  with  b < 1 so  that  factors  between 
b otkI  are  effective  In  this  practical  cose. 

4.  CHARACTERISTIC  LENGTHS 

In  the  visible  region  the  Visual  Range  V with  r(V)  « 0.Q2  corresponds  to  the  observability  of  a special  scene 
(black,  i.e.  non-rodlating  object  against  the  horizon  during  doy)  using  the  human  eye  as  observation  device,  see 
Chopter  1.  Beside  of  this  interpretation  following  from  Koschmieder's  theory  and  the  assumptions  used  with  it  this 
magnitude  is  a purely  atmospheric  figure.  Often  instead  of  V,  weighted  for  photapic  vision  and  therefore  depen- 
dent on  the  spectral  distribution  of  the  source,  the  Meteorological  Range  (NormsichhMeite)  with  T(0.5S/im,  V 
B 0.02  and  V is  used.  At  other  wavelengths  or  wavelength  bonds,  I.e.  usually  connected  with  the  analysis 

of  optoelectronic  imaging  devices,  it  does  not  exist  on  exceptiorsol  imaging  device  comparable  to  the  human  eye. 

So  often  the  above  mentionsxl  definition  of  ''n  is  qsplied  extrapolated  to  other  wavelengths  or  wavelength  bonds 
os  proposed  by  G.Ruppersberg,  DFVLR,  and  others  resulting  in  o purely  atmospheric  figure: 

T (X,  AX,  = 0.02.  (20) 

V.  . . con  be  called  Atmospheric  Range.  Its  direct  measurement  would  imply  a variation  of  » range  used  with 
a tronsmissometer,  therefore  being  not  applicable  in  general.  If  the  exponential  extinction  law,  resulting  os 
wellknown  in  V « 3.912/(t,  does  not  hold,  atmospheric  spectral  transmission  models  like  LOWTRAN  have  to  bu  used 
to  calculate  the  Atmospheric  Range  V . from  transmission  measurements  at  shorter  ranges  using  the  some  or 
other  wavelength  bonds,  or  from  meteorological  quantities  only.  To  derive  In  standard  measurement  methods  of 
thermal  Atmospheric  Ranges,  that  con  be  used  for  synaptic  onaiysls  too,  definitions  of  wavelength  bands  and  source 
temperatures  for  this  purpose  ore  neceuary. 

To  compare  different  imaging  devices  or  principles  a standard  scene  has  to  be  assumed.  For  X < 3 pm  the  above 
mentioned  block,  i.e.  non-rodiating  object  against  the  horizon  con  be  accepted.  For  X > 3 pm  a standard  thermal 
scene  has  to  be  defined.  (T^,  Tg  AT)  with  T^  ancient  temperature  and  AT  ^IK  seems  to  be  meaningful.  For 
each  device  it  would  result  a Standard  Maximum  Range  V^,  implicitly  presented  above  for  the  Imogen  defined  in 


Table  1 os  (R^^^)  for  AT  * 1 K,  Equ.(14)  orsd  (17).  Regarding  human  daylight  vision  Vg(eye)  “ 
per  definition.  For  other  devices  Vg  = ^)  with  calculated  for  the  standard  scene. 

For  a special  Kene  it  follows  on  Actual  Maximum  Range  R with  usually  R__  / V..  R £ V.  for  X < 3 pm 

max  ' mox  ' S mcD«  S. 

because  the  standard  scene,  os  described  above,  corresponds  to  mwimum  i.iitlal  negative  contrast  C « -1  S C. 

A realistic  thermal  scene,  os  proposed  above  .with  AT  ■ IK,  allows  for  R < V,. 
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DECREASE  OF  CONTRAST  IN  THE  ATMOSPHERE:  STATISTICAL  PRESENTATION  OF  THE 
RESULTS  OF  DAYTIME  AND  NIGHT-TIME  MEASUREMENTS. 
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Summary.  An  outline  Is  given  or  the  model  In  which  the  decrease  of  contrast  In  the  atmosphere 
In  the  visible  region  Is  described  with  two  parameters:  the  extinction  coefficient  Oi  and  the 
luminance  of  the  aamosphere  b i also  the  distance  s,  over  which  the  Initial  contrast  Is  halved, 
Is  Introduced.  “ 

The  results  of  a number  of  measurements  of  these  parameters , both  at  day  and  at  night , that 
were  carried  out  during  the  last  few  years  on  different  locations , are  presented  In  the  form 
of  several  histograms.  In  the  short  discussion  some  comments  concerning  the  results  of  the 
various  measurements  are  given. 

A.  Introduction. 

The  use  of  vision  equipment  is  strongly  influenced  by  the  atmosphere  between  the  target  and  the 
Observer:  absorption,  scattering  and  turbulence  are  the  most  important  effects. 

When  considering  the  use  of  image  intenslflers , with  a spectral  sensitivity  mainly  In  the  visible 
part  of  the  spectrum,  the  decrease  of  contrast  In  the  atmosphere,  caused  by  scattering,  is 
important , because 

* there  is  no  optical  or  electronic  way  to  enhance  the  contrasts  in  the  display: 
of  the  device. 

* the  contrasts  in  military  scenes  usually  are  small.  Therefore  any  decrease  of 
that  contrast  quickly  makes  the  targets  undetectable. 

There  exists  the  well-known  Koschmieder  model  ( MIDDLETON ,W.E.  1952;  HoHN,D.H.  1975)  with  which 
the  contrast-alteration  in  the  atmosphere  can  be  described.  We  will  use  this  model  for  a horizon- 
tal viewing  direction  at  ground  level. 

B.  Description  of  the  model. 

The  luminance  B(o)  of  a diffuse  reflecting  flat  object  perpendicular  to  the  line  of  sight  with 
reflectance  r is  given  by 

B(o)  = ~ (1) 

where  E is  the  illuminance  on  that  object.  If  one  looks  at  this  object  from  a distance  s,  the 
luminance  seems  to  be  changed,  due  to  two  effects: 

a.  on  a part  ds  of  the  line  of  sight,  some  of  the  light,  coming  from  the  object,  is 
scattered  out  of  the  viewing  direction,  so  the  apparent  luminance  decreases: 

dB  = - a B ds  (2) 

b . light , coming  from  other  sources  ( sun , moon , etc ) is  scattered  into  the  viewing 
direction,  so  the  apparent  luminance  increases; 

dB  = g ds  (3) 

A combination  of  equations  (2)  and  (3)  yields: 

dB=-aBds+gds  (4) 

and  the  solution  is  found  by  integrating  from  0 until  s,  assuming  constant  a and  g: 

B(s)  = B(o)  e f (1  - e '“®)  (5) 

When  o and  g vary  in  the  same  way  along  the  viewing  direction  until  infinity  (including  the  case 
that  both  are  constant)  they  can  be  written  ( MIDDLETON, W.E.  1952): 

a(s)  = Or  /(s) 

0 

g(s)  = g^  /(s) 

This  situation  can  occur  when  the  density  of  scattering  elements  is  not  constant  along  the  line  of 
sight  and  the  other  conditions,  including  the  particle  seize  distribution,  remain  constant.  In  that 
case  g/a  is  constant  and  equal  to  the  apparent  luminance  of  the  horizon  Bj^  (s  = ®>): 

B(s)  = B(o)e"“o*  + B,  (l-e'“o’‘)  (6) 

a ^ 

when  x=  / /(s)ds. 

Defining  an  average  scattering  coefficient  a = ctj,x/s  gives,  instead  of  (6): 

B(s)  i B(o)  e‘“®  + Bj^d  - e"“®)  (7) 


41-2 


In  case  of  an  lnhomo|?(*neous  cloud  cover, the  situation  is  more  complex:  g varies  along  the  viewing 
direction  and  g/a  is  no  longer  constant.  In  that  case  the  quantity  B = g/a  is  sometimes 

introduced,  assuming  that  over  the  measuring  path  the  quantities  o and  g are^  constant,  but  not 
necessarily  until  the  horizon  (VAN  SCHIE.J.  1969). 

With  (1)  we  can  introduce  the  apparent  reflectance  r(s)  of  an  object  at  a distance  s from  the  ob- 
server : 


r(s)  = r(o)e 


-os 


+ b (1 


-Os. 
e ) 


is) 


where  b , the  reduced  luminance  of  the  atmosphere  (the  "reflectance"  of  the  horizon)  follows  from 

b E 

(9) 

a IT 

and  this  quantity  is  an  important  parameter  in  the  contrast-lass  model  that  is  described  here; 
therefore  we  will  give  some  attention  to  the  calculation  of  b . 

Combining  equations  (5)  and  (9)  gives 


7T 

where,  with  (1),  £ is  the  luminance  of  a vertical,  diffuse  reflecting,  white  plate  (r  = 1) 

b 


B 


(10) 


(,U) 


white 


Suppose  now  that  the  scattering  atmosphere  around  the  observer  is  illuminated  by  a sphere  of  uniform 
luminance  B: 


aiid  that  a thin  layer  of  ecattering  particles  is  situated  abo/e  the  ground. 

If  the  reflectance  K of  the  ground  is  equa-  to  1 (or,  which  is  the  same,  the  presence  of  the  ground 
is  ignored) 
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then  each  scattering  particle  is  illuminated  by  a sphere  with  homogeneous  luminance  B.  If  we  neglect 
absorption,  the  luminance  of  all  particles  (and  therefore  of  the  layer)  will  be  the  same  as  the 
luminance  B of  the  sphere;  so  g/a  = B. 

As  the  vertical  white  plate  will  have  this  luminance  too,  the  reduced  luminance  of  the  atmosphere 
b^  equals  1 in  this  case. 

If,  next,  we  suppose  a black  ground  (reflectance  R = o),  the  vertical  white  plate  only  receives  half 
the  amount  of  light  as  in  the  previous  case  and  thus  has  a luminance  JB.  Also  the  light  scattered 
in  the  layer  reduces  with  a factor  2,  so  g/a  = jB  and  therefore  again  the  reduced  luminance  of  the 
atmosphere  b^  equals  1. 

More  general:  if  the  ground  has  a reflectance  R,  resulting  in  a luminance  of  the  ground  equal  to 
Bg,  than  g/o,  that  is  the  luminance  of  the  layer  of  scattering  particles,  consists  of  two  parts: 

a contribution  jB  from  the  upper  hemisphere  and  t contribution  jBg  from  the  ground;  thus 

g/a  - J (B  + Bg).  The  same  applies  for  the  vertical  white  plate:  = J (B  + Bg)  and  therefore 

b = 1 . 
a 

It  is  clear  that  the  above  standing  discussion  is  only  correct  when  the  layer  of  scattering 
particles  is  so  thin  that  all  scattering  elements  are  illuminated  in  the  same  way;  i.i  other  words: 
the  transmission  T through  the  layer  equals  1 in  all  directions , except  in  the  direction  of  the 
horiion,  where  T s 0.  Under  this  condition  the  apparent  luminance  of  the  sky,  looking  in  horizon- 
tal direction,  is  j (B  + Bg)  and  of  the  rest  of  the  sky  is  B.  In  a polar  diagram: 


-JL  Is  Si^'twltUCi 


In  the  calculation  of  the  luminance  of  the  vei'tical  white  plate  and  of  g/a  at  the  place  of  the 
observer,  the  decrea'-e  of  the  apparent  luminance  of  sky  to  the  horizon  has  not  been  taken  into 
account . 

If  the  observer  looks  to  the  sky  around  him,  or  measures  the  luminance  of  the  sky,  he  finds  with 
equation  (5): 


B 


measured 


(9)=  Be 


(1  - 


where  B is  the  lujninance  of  the  sphere  around  the  observer,  a is  the  scattering  coefficient  in 
the  layer  of  scattering  particles  and  s = s(6)  is  the  thickness  of  the  layer  in  the  viewing 
direction: 


1 
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and,  as  s = h/cos  0 (except  for  6 ir/2): 

B (0)  = Be  6 ^ ^ ^ -<;b/cos  Bj 

where  it  is  assumed  that  g/a  is  independent  of  the  viawing  ov.,  ‘ 0 is  almost  tt/2. 

For  smaller  values  of  0 the  transmissio:^  through  the  layer  T “ . , tW  ar,\  vai  value  of  g/a 
is  of  no  in^jortanoe.  ^ 

Thus  for  horizontal  observation  (0  = ^')  the  transmission  T of  light  chro-gh  the  layer  is  zero, 

therefore  B (horizon)  = J (B  + Bg);  near  the  horizon  the  exact  form  of  B (0)  depends  on  the 
thickness  of  the  layer  and  the  scattering  coefficient;  and  further  above  the  horizon 
^measured  ~ ® (because  T = 1);  see  the  polar  diagram  above. 

As  has  been  shown  in  the  for-going  model,  for  an  observer  looking  in  a horizontal  direction, 
the  reduced  luminance  of  the  horizon  b^  equals  one,  independent  of  the  luminance  of  the  ground. 

The  situation  is  different  when  there  are  bright  parts  in  the  sky,  either  in  front  of  the  ob- 
server or  behind  him. 

For  example,  when  the  sky  is  brighter  in  front  of  the  observer,  according  to  (10)  b^  bee jmes 

greater  than  one  (the  luminance  of  the  white  plate  remains  unchanged,  whereas  the  amount  of 
light  scattered  towai'ds  the  observer.  Increases). 

When  the  sky  is  brighter  behind  the  observer,  the  luminance  of  the  white  plate  Increases, 
whereas  (dependant  on  the  scattering  function)  the  amount  of  light  towards  the  observer 
(mostly  back-scatter)  increases  a little.  In  most  cases  therefore  under  this  circumstances  b 
will  be  smaller  than  one. 

Using  some  simple  formulas,  all  statements  given  in  the  foregoing  text,  can  be  illustrated 
mathematically . 

Referring  to  fig  1 and  equation  .1)  the  amount  of  light  that  is  scattered  per  unit  of  length 
towards  the  observer,  can  be  expressed  as  (BAL,A.J.B.C.  1974): 

g = //  3 C e.e*l  a B*  do* 
o.nd  the  luminance  of  the  white  plate  as 

To  these  formulas  the  following  explanation  can  be  given:  from  the  radiation  B*  = B*  '.0,^  ) 
that  arrives  in  P,  an  amount  aB*  will  be  scattered  in  all  directions;  a fraction 

3 (£.£*1  = 3 (cos  y)  of  this  will  be  scattered  in  the  dii’ection  towards  the  observer, 
determined  by  the  angle  y.  The  volume  scattering  fimction  3 (cos  y)  wust  obey  the  relation 

//  3 (cos  y)  du*  = 1 

||i 

Remembering  that  du  = sin  0 d0  d<ti  and  cos  y = sin  0 cos  ♦ we  get 
TT  2ir 

J / 3(cos  y)  B (0,  (|>)  sin  0 d<}i  d0 

b 

a ^ IT  iir  , 

— / J B (6,<ti)coa  <ti  sin  0 d0  di(> 

0=0  <ti=-iTr 

Making  the  same  assumption  on  the  thickness  of  the  layer  of  scattering  particles  as  in  the 
previous  discussion,  B*  (0,  4.)  is  (except  for  0 = Jir)  the  luminance  of  the  sky.  The  apparent 
luminance  of  the  horizon  (0  = Jit)  is  g/a,  the  numerator  of  equation  (16). 

Now  b^  can  be  calculated  if  some  assumptions  are  made  concerning  the  volume  scattering  function 

3 (cos  y)  3^d  the  distribution  of  the  luminance  around  the  scattering  element.  Let  is  us  write 
first 

B*  (0,4)  = B + f (0) 


IT 

B + f 
° 0SO 


/ f(0)  3(cos  y)  sin  0 d0  d4 

4=0 


B + 2fn  J f(0)  sin^  0 d0 
° 0=0 

In  the  foregoing  discussion  on  b it  was  assumed  that  B*  (0,4)  = B,  so  f(0)  = 0;  f(6)  was  added  in 
this  case  to  introduce  more  flexibility.  F’^om  (18)  it  follows  that  for  f (0)  = 0,  independant 


of  the  volume  scattering  function,  b^  = 1,  as  was  argued  earlier. 

Now  let  us  assume  that  the  ground  has  a luminance  B and  that  f(0)  = B cos  0,  so  B*  = B +B,  cos  0. 
Therefore:  ® ^ o 1 


B (0,4)=B^+Bj  cos  0 


0 < 0 < y 

J < 0 < Tt 


‘iiml 


31S5lf5S?^i7}jfT»;r.'?riJ»5^  ' 


This  gives  for  the  luminance  of  the  white  plate  (the  denominator  of  (18): 


B. 


white 


i <®o  »g>  ^ W «1 
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(19) 


and  the  earlier  discussed  situation  (B^^  = 0)  gives  Indeed  = 1 (®g  + Bg)» 

The  numerator  of  (18)  cannot  be  calculated  before  an  assumption  has  been  made  concerning  3 (cos  y)< 
It  is  reasonable  to  assume  that  the  volume  scattering  function  is  an  even  function  of  y>  so  we 
write. 


6 (cos  y)  = )■  cOii*'  Y * ^ I'-  sin*'  0 cos" 

n=o 


From  (15) : 


E k = ■“  for  even  values  of  n 
n n+1  mr 


Equation  (18)  then  gives  (n  even) 


(n-l)i;  (n-l)!! 


J (B^tB^)  . B,  I 


i (B^tBg)  t ^ 


and  the  apparent  luminance  of  the  sky  is  given  in  the  following  polar  diagrams: 


(20) 


(21) 


(2n+l')!! 


Conclusion:  ^ ir  * 

a)  For  Bj^  = 0 (thus  B s B for  C < 9 — and  B " ®g  -^  < 6 < tt)  is  = 1,  in  agreement  with  what  we 
found  earlier.  The  apparent  luminance  of  the  horizon  is  J (B^+B^),  the  numerator  of  (21). 

b)  For  Bj^  + 0 the  exact  value  of  depends  on  the  volume  scattering  function.  Let  us  take  as  an 
example 

2 

6 (cos  y)  = k (cos  Y + cos  y + 0.35) 

in  which  k = 3/87T,  according  to  (15). 

In  fig  2 this  scattering  function  i.s  shown,  together  with  the  scattering  functions  belonging  to 
clear  air  and  industrial  haze  (MIDDLET0K,W.E.  1952), -then 

J (B  +B  ) + 0.3  B, 
u o g 1 „ . 

a ~ J (b  +B  ) + 0.2  B, 
o g 1 

So  we  conclude  that  when  the  luminance  around  the  observer  is  rotationally  syiranetric,  in  most 

cases  b ~ 1. 
a 

We  finally  consider  the  case  that  the  distribution  of  B*  also  .’.s  a function  of  ^ (fig  1).  Suppose 

B*  (e.iji)  = cos  9 + Bj  (4')  for  0 < 9 < ~ 


= a 


The  luminance  of  the  white  plate  becomes : 


^ < 9 < ■„ 


Tf 

I 


®white  = i ( ^ H ®1  " ( ®2<*>  * 

T 


So  both  the  numerator  and  denominator  of  (16)  cannot  be  calculated  before  an  assumption  concerning 
Bj  (:^)  has  been  made;  as  an  example  we  Introduce 


Bj  (if)  = Bj  for  (fj^  < (f  < ^2 

s 0 for  -^  < if  < and  < f < j. 

It  makes  a difference  whether  the  lighter  parts  of  the  sky  are  in  front  of  the  observer  and 
are  greater  than  ■j)  in  which  case  is  the  same  as  in  (19)  or  behind  the  observer  (ifj^  and 

are  between  - ir/2  and  ir/2)  in  which  case. 


®white  = i ^ »1  ♦ IT  ‘^2  - 


So  we  can  distinguish  two  situations: 

a)  the  sky  is  brighter  (between  and  if.,)  in  front  of  the  observer;  then  (n  even) 


i (B  +B„)  + 2TT  B,  Ik 
o g In 


(n-l)l!  (n-l)!.' 


+ I k_ 


Tn+TTiT 


cos^  ^ dd> 


® i (B*BJ  + ^ B, 

o g 3t  1 

Therefore  it  is  reasonable  to  expect  in  this  situation  > 1 
b)  the  sky  is  brighter  behind  the  observer;  then  (n  even) 


i (B^tB  ) t 2t  B^  I k„  t Bj 


n! ! f n . , . 

TT^nyrr  [ 


i (B^+Bg)  + ^ (sin  Ifj-sin  if^) 

When  forward  scattering  is  dominant , the  extra  term  in  the  numerator  can  be  neglected  with  respect  to 
the  extra  term  in  the  denominator  and  therefore  we  expect  here  b^  < 1. 

How  let  us  return  to  our  model,  describing  the  decrease  of  contrast  in  the  atmosphere. 

The  contrast  between  an  object  with  reflectance  r^(o)  and  its  surroundings  with  reflectance 

C(.l  „„ 

where  F = J (r_(o)  + r (s)} 
o s 

Remark:  more  and  more  the  contrast  defined  in  this  way  is  called  the  modulation  of  the  luminance. 

The  distance  at  which  the  apparent  contrast  between  the  object  and  its  neighbourhood  equals  C(o)/n  is 

"l/n=  t h ^ (23) 

a 

where  R = — , the  meteorogical  range  (e  =0.05). 

The  significance  of  equatior;  (23)  can  be  illustrated  by  defining  the  "viewing  distance"  V as  the 
distance  over  which  the  contrast  C(o)  is  reduced  to  the  threshold  contrast  = 2.5%;  then 

V = I in  U + - 1)  ^ } 

th  a 

In  a paper  by  EKLOF.T.H.  (1969),  results  are  given  of  experiments  in  which  the  detection  range 
(detection:  the  object  can  be  discerned  as  a discrete  object  seperated  from  its  background)  and  the 
recognition  range  (recognition:  the  object  can  be  seen  as  belonging  to  a certain  class  of  objects 
as  differentiated  from  another  class  of  objects)  of  large  objects  (target  diameter  30  m)  were 
determined  under  various  meteorological  and  brightness  conditions;  some  of  the  results  for  C(o)  = 

10%  are  given  in  the  next  tafjle: 


R = 33-40  km 

detection  range  (km) 
recognition  range  (km) 


full  daylight  overcast  sky  twilight 


These  data  can  be  compared  with  equation  (24)  which  gives  V = 7-8.5  km  for  b =1  and  F=0,3.  In 

applying  this  equation  (24)  to  real  military  situations  it  must  be  remembered  that  b usually  equals 
not  one;  with  C(o)  = 20%  (EKL0F,T.H.  1969  and  R0G6E,J.  1971)  fig  3 gives  the  viewing^dlstance 
as  a function  of  the  meteorological  range  with  b^  as  a parameter. 


i 
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1 

i' 


As  a naasura  of  the  decrease  of  contrast  In  the  asitiosphere  we  will  use  the  distance  over  which 
the  Initial  contrast  is  halved.  Starting  again  with  C(o)=20%  gives  C(s=s.)=10t  after  “which  the 
viewing  device  (e.g.  image  intenslfler)  reduces  this  contrast  further  until  for  the  final  contrast 
in  the  display  C < detection  is  no  longer  possible. 

Conclusion:  we  feeel  s^  is  a useful  measure  of  the  decrease  of  contrast  in  the  atmosphere.  It  depends 

both  on  the  extinction  coefficient  a and  the  distribution  of  light  sources  around  the  observer, 
illustrated  in  b . fhe  purpose  of  our  measurements  was  to  got  statistical  information  on  a,  b^  and 
Sj,  both  by  day  * and  by  night. 


I 


C.  Description  of  the  measurements 

The  parameters  a and  b^  can  be  determined  by  placing  black  and  white  targets  with  reflectance  Tj^io) 
and  at  several  distances  from  the  measuring  point  where  the  apparent  reflectances 

rj^(s)  and  have  to  be  measured.  From  the  foregoing  theory  the  following  equations  can  be 

written  down: 

r(s)  = r(o)e®^+b  (1-e 
w w a 

rj^(s)  = rj^(o)  e + b^  (1-e 

r (s)  - r.  (s)  = {r  (o>  - r.  (o)}  e (25) 

W D w b 


Vs) 


rb(s) 


b„  - r,  (o)  * ^a  ~b  - r.  (o) 
a b a b 


(26) 


Equation  (25)  is  a straight  line  in  a single  logarithmic  graph  and  equation  (26)  is  a straight  line 
in  a lineair  graph  r^(s)  vs  rb(s).  Substituting  **^(s)  = in  the  last  equation  gives  » 

so  from  the  graphs,  illustrated  in  fig  4,  in  which  the  measured  values  of  r^(s)  and  Tb(s)  are 
plotted,  a and  b^  can  be  calculated  easily. 

The  measurement  of  the  arent  reflectance  has  been  done  in  two  ways: 

X with  a telephotometer  (photoelectric) 

X with  photographic  eqvipment. 

The  calibration  of  the  telephotometer  has  bean  performed  with  a built-in  light  source  and  the  call* 
bration  of  the  photographic  method  with  a number  of  grey  plates  of  different  reflectances  that  are 
placed  directly  in  front  of  the  camera  and  recorded  on  each  picture. 


During  the  last  few  years  we  measured  at  different  sites: 

Cl.  daytime  measurements  at  Hoensdrecht 
C2.  daytime  measurements  at  the  Hague 
C3.  night-time  measurements  at  Meppen 
C4.  night-time  measurements  at  Woensdrecht. 
The  location  of  these  sites  is  indicated  in  fig  5. 


Cl.  Daytime  measurements  (ROGGE, J and  DIRKSEN,H.J.  1972) 

carried  out  at  Woensdrecht  from  September  1970  until  July  1971  on  one  day  every  week,  4 times 
a day  (11.00,  12.00,  13.00  and  14.00  o'clock  MET). 

Number  of  black  and  white  targets  : 11 
measuring  range  : 2 km 
measuring  direction:  West  -<■  East 
measuring  method  : photographic 
The  results  of  the  total  measuring  period  are  given  in  fig  6. 

"'2.  Daytime  measurements  (VAN  HEETEREN,A.A.  and  VAN  SCHIE,J) 

carried  out  at  the  Hague  from  .March  1971  until  September  1974,  every  day,  maximum  8 times  a day 
(every  two  hours  on  the  even  hours). 

Number  of  targets  : 2 
measuring  range  : 610  m 

measuring  direction  : 42®  East  of  true  North 
measuring  method  : photoelectric 

During  these  measurements  simultaneously  the  value  of  other  parameters  has  been  recorded. 
Contrary  to  the  other  measurements,  where  the  height  of  the  measuring  path  is  about  1.50  m. , 
in  this  experiment  the  sensor  and  the  target  were  placed  on  the  roof  of  the  laboratory  and  a 
tower  respectively  (height  ± 15  m). 

The  results  of  the  total  measuring  period  are  given  in  fig  6 and  the  results  for  the  different 
seasons  in  fig  7. 


! 


C3.  Night-time  measurements  (VAN  SCHIE,J.  1969)  carried  out  at  Happen  from  October  1967  until 
October  1968,  every  week  three  nights,  2 or  3 times  a night. 

Number  of  targets  : 3 (at  100,  300  and  600  m). 
measuring  range  : 600  m 
measuring  direction  ; Heat  ■*  East 
measuring  method  : photoelectric 
The  results  of  the  total  measuring  period  are  given  in  fig  6. 

C4.  Night-time  measurements  (R0GGE,J.  1974)  carried  out  at  Woensdrecht  during  1973,  one  night  every 

week,  10  times  a night  (20.00,  21.00 05.00  o'clock  MET). 

Number  of  targets  : 11 
measuring  range  : 1000  m 
measuring  direction  : West  - East 

measuring  method  : photographic,  both  using  fast  film  and  with  the 
aid  of  an  image  intenslfier. 

The  results  of  the  total  measuring  period  are  given  in  fig  6 and  the  results  of  the  measurements 
in  the  different  seasons  (using  fast  film)  are  given  in  fig  8. 

D.  Discussion  of  the  results 

a.  Night-time  measurements. 

In  Woensdrecht  the  luminance  of  the  sky  is  not  the  same  in  different  directions  (fig  9),  in  the  di- 
rection backwards  relative  to  the  measuring  range,  the  sky  is  brighter,  due  to  the  lights  of  small 
towns  and  this  results  in  b being  mostly  smaller  then  1.  In  Happen  are  no  cities  in  the  direct 
neighbourhood  of  the  measurfng  site  and  in  that  circumstances  b varies  around  1,  the  actual  value 
depending  on  the  place  of  the  mcon. 

As  a smaller  b^  results  in  less  contrast- loss  it  can  be  expec:ed  that  the  measurements  in  Woensdrecht 
give  a larger  value  of  s.. 

To  inves' igate  the  consequence  on  the  decrease  of  contrast  of  the  use  of  a yellow  filter  in  combiaa- 
tion  with  an  image  intenslfier,  a filter  with  a cut-off  wavelength  X = 0.5  pm  has  been  used. 

In  fig  10  a comparison  is  given  between  the  results  of  the  measurements  using  the  image  intenslfier 
in  front  of  the  camera,  with  and  without  the  filter.  It  can  be  seen  that  the  use  of  the  filter 
gives  no  improvement  as  far  as  the  contrast-loss  in  the  atmosphere  is  concerned. 

b.  Daytime  measurements. 

In  Woensdrecht  during  the  day  (contrary  to  the  night-time)  b varies  around  1 (measuring  path  West-East); 
whilst  in  the  Hague  b mostly  is  smaller  than  one  (measuring  path  42°  East  of  true  North). 

The  difference  in  R * can  be  attributed  to  the  difference  in  location,  length  of  the  measuring  period, 
height  of  the  measuring  path  and  the  year  of  the  measurements. 

He  assume  that  the  differences  in  sj  can  be  explained  by  a combination  of  these  factors. 

c.  With  regard  to  a comparison  between  the  three  day-time  measurements  and  the  two  night-time  measurements, 
it  is  not  possible  to  draw  ferm  conclusions  from  our  measurements  because  of  the  above  mentioned 
factors.  As  these  difficulties  are  not  encountered  in  the  project  OPAQUE,  it  is  hoped  that  after 

that  project  on  better  understanding  can  be  obtained. 


! ' 


d.  Under  the  conditions,  described  in  section  B,  the  reduced  atmospheric  luminance  b^  is  equal  to  the  * 

reduced  luminance  of  the  horizon  bj^.  In  fig  11  both  quantities  are  compared;  for  night-time  from  -ii 

measurements  at  Heppen,  for  day-time  fi?om  measurements  at  Woensdrecht  and  the  Hague,  the  last  | 

sub-divided  for  unclouded  and  clouded  sky.  i 

References,  | 

BAD,  A.J.B.C.  1974.  Private  communication.  j 

EKLOF  , T.H,  1969.  Visual  reconnaissance  in  tactical  air  operations.  USAF  Tactical  Air  Reconnaissance  | 

Center.  ! 


HoHN,  D.H.  1975.  Atmospheric  Vision  0.35  pm  < X < 14  pm.  Applied  Optics  Vol  14  No  2 (Febr  1975)  ] 

pp  404-412.  j 

MIDDLETON,  H.E.  1952.  Vision  through  the  atmosphere.  University  of  Toronto  Press.  i 

I 

ROGGE,  J.  1971.  The  apparent  reflectance  of  some  military  vehicles  and  their  contrast  with  two  j 

backgrounds.  Royal  Military  Academy;  the  Netherlands.  ] 

ROGGE,  J.  and  DIRKSEN,  H.J.  1972.  Daytime  measurements  of  the  decrease  of  contrast  in  the  atmosphere.  j 

Royal  Military  Academy,  The  Netherlands.  | 

ROGGE ,J,  1974,  Night-time  measurements  of  the  decrease  of  contrast  in  the  atmosphere. 

Royal  Military  Academy,  the  Netherlands. 


VAN  HEETEREN,  A. A.  and  VAN  SCHIE,  J.  SOLUMAT,  a progi'am  for  measuring  the  influence  of  the  atmosphere 
on  contrast  transfer.  Report  in  preparation. 

VAN  SCHIE,  J.  1969.  Nocturnal  illumination  and  decrease  of  contrast  in  the  atmosphere. 

Report  PhL  1969-4.  Physios  Laboratory  TNO,  the  Hague. 


i I Fig.6  Histograms  of  R,  ba  and  S,^j,  covering  the  total  measuring  period  for  each  site  i 
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Fig.7  Results  of  daytime  measurements  in  the  Hague  fur  different  seasons 
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Fig.8  Results  of  night-time  measurements  (film)  in  Woensdrecht  for  different  seasons 
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SUHMARY 


A temperature  difference  between  the  sea  and  the  air  above  it,  sets  up  a stable  vertical  air  tem- 
perature gradient  in  the  first  few  metres  above  the  sea  surface.  ITiis  ta&perature  inhcmogeneity  causes  a 
similar  refractive  index  gradient.  Rays  of  light  passing  through  this  optical  inhomogeneous  medium  are  bent, 
and  imaging  of  objects  through  this  medium  may  be  subject  to  strong  distortion  Such  image  distortion 
has  been  investigated,  theoretically  and  experimentally.  The  main  experimental  results  were  obtained  by 
talcing  pictures  of  a suitable  test  object  with  a photographic  cemera  and  a telephoto  lens  at  6.2  km  range 
just  above  the  sea  surface.  A large  number  of  pictures  were  taken  during  varying  conditions.  From  these 
pictures  typical  forms  and  magnitudes  of  the  distortion  were  found.  A mathmatical  model  tracing  rays  of 
light  through  a vertically  varying  optical  medium  was  used  to  predict  image  distortions.  The  theoretical 
results  have  been  compared  with  the  experimental  results,  and  good  similarity  has  been  found.  Comparison 
between  calculated  and  experimented,  image  distortions  is  suggested  as  a method  to  find  the  air  temperature 
profile  just  above  the  sea  surface. 


1.  IHTRODUCTIOH 


Sea-faring  men  have  often  noticed  that  tinder  certain  meteorological  conditions  islands  and  ships 
appear  to  float  in  the  air.  This  well-known  phenomenon  is  due  to  the  curvature  of  rays  of  light  because  of 
vertical  gradients  in  the  refractive  index  of  the  air  near  the  sea,  These  gradients  are  caused  by  tempera- 
ture gradients  in  the  atmosphere  above  the  sea.  A rarer  and  more  extreme  example  of  the  same  effect  is  the 
genuine  fata  morgana.  This  can  give  the  illusion  of  seeing  for  example  non-existing  towns  with  walls, 
towers  and  spires  (KtHNAERT,  M.,1959)*  An  example  of  the  first  mentioned  phenomenon  is  given  in  Figure  1.1. 
A ship  is  photographed  at  short  range  (Figure  1.1,  upper).  During  certain  atmospheric  conditions  the  ship 
may  be  strongly  distorted  when  imaged  at  long  ranges . The  two  lower  parts  of  Figure  1.1  depict  the  ship 
photogi'aphed  with  a telephoto  lens  at  5 hm  and  8 km  range,  respectively. 

Such  distortion  is  most  often  observed  within  an  angle  of  +2-3  mrad  in  elevation  about  the  tan- 
gential plane  of  the  earth.  It  is  only  observed  at  ranges  exceeding  3-*t  km  between  observer  and  target, 
when  both  are  located  less  than  5-10  meters  above  the  sea  surface. 

In  this  paper  measuring  results  are  presented  primarily  in  the  form  of  photographs  showing  how  an 
object  may  be  distorted  in  different  ways  due  to  ray  bending.  The  main  purpose  of  the  measurements  has  been 
to  investigate  to  what  extent  ray  bending  may  reduce  the  range  and  efficiency  of  optical  and  electro- 
optical  instruments  with  high  resolution  or  rmall  field  of  view  when  used  across  an  expanse  of  water.  We 
also  discuss  how  imaging  of  a suitable  obj^^ct  may  be  used  for  determining  a vertical  temperature  profile 
in  the  atmosphere  above  the  sea.  The  described  method  may  be  well  suited  for  studying  the  heat  balance  near 
the  sea/air  interface. 

The  frequency  of  the  ray  bending  phenomenon  can  not  be  determined  from  the  relatively  small  number 
of  measurements  made.  However,  both  the  sign  and  the  absolute  value  of  the  terperature  difference  between 
sea  and  air  determines  the  shape  and  size  of  the  distortion.  In  this  paper,  ...;erefore,  we  have  included 
data  from  the  Norwegian  Meteorological  Institute,  showing  the  frequency  distribution  of  the  mentioned  tem- 
perature difference  frem  some  selected  places  along  the  Norwegian  coast. 

Different  authors  have  measured  the  vertical  temperatiure  distribution  by  direct  (ROLL,  H.V.,  1952 
and  FLEAGLE,  R.G.,  1956)  and  indirect  methods  (BROCKS,  K.,  195**).  Brocks  has  shown  that  averaged  tempera- 
ture profiles  may  be  very  accurately  determined  by  measuring  the  effect  of  ray  bending.  He  has  performed 
such  measurements  with  the  aid  of  a theodolite  (^OCKS,  K,,  1955).  The  measured  temperature  profiles  have 
mainly  been  used  to  derive  a booter  understanding  of  the  heat  exchemge  between  air  and  sea.  Very  few  seem 
to  have  explored  thoroughly  how  objects  are  distorted  and  their  images  lowered  in  quality  due  to  ray  bend- 
ing when  observed  over  long  ranges. 

In  the  next  section  the  two  main  types  of  ray  bending  which  can  occur  are  described.  A description 
of  the  photographic  equipment  used  follows  in  section  3.  A presentation  of  the  measuring  resiil+o  ia  then 
given,  A mathematical  model  of  the  phenomenon  is  presented  and  discussed  in  section  5,  and  the  modex 
results  are  compared  with  the  measuring  results. 


2.  DESCRIPTION  OF  PHENOMENON  WITH  EXAMPLES 

Bending  of  rays  of  light  above  the  sea  is  caused  by  a variation  in  the  aii'  refractive  index  with 
height.  One  differentiates  between  randomly  oriented  rapid  fluctuations  in  the  refractive  index  caused  by 
turbulence,  and  vertical  refractive  index  gradients  which  are  stable  during  long  periods.  This  paper  is 
mainly  concerned  with  the  long  duration  stable  gradients.  The  influence  by  turbulence  will  be  briefly 
treated  in  section  U, 
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For  optical  fre(iuenci«8  the  refractive  index  n is  inplicitly  given  by  the  following  appraximative 
eqi'ation 

H - (n-l)'10“^  - + O.58U  (2.1) 

where  S ie  called  the  refractive  moduluei  P is  the  atnospheric  pressure  in  nber,  T is  the  temperature  in 
Kelvin  and  X the  wavelength  in  um.  The  refractive  index  above  the  sea  will  often  vary  in  the  vertical 
direction,  while  being  relatively  constant  in  the  horizontal  direction.  For  optical  frequencies  this  is 
caused  by  a vertical  temperature  gradient  abovu  the  sea.  n is  influenced  relatively  little  by  pressure  and 
water  vapour  content  at  optical  frequency  (CfWENS,  J.C.,  I967).  An  approociaate  expression  for  a variation 
in  the  refractive  index.  An,  is  given  by 

All  • 10^  An  - -AT  (2.2) 


(2.1). 


This  expression  is  derived  if  F ■ 1000  mbar,  X ■ 0.$?  |jb  and  T ■ 28l  K are  inserted  into  Equation 


Below,  the  imaging  of  three  different  types  of  temperature  profiles  near  the  sea  will  be  doscrib  I 
qualitatively.  It  is  assumed  that  the  temperature,  and  consequently  also  n,  only  depends  on  height,  and 
also  that  the  height  dependence  is  invariant  from  one  place  to  another. 

In  the  first  ease  the  temperature  (and  refractive  index)  is  constant  with  height  (Figure  2. Id).  All 
rays  of  light  will  in  this  case  follow  straight  lines  (Figure  2.1e),  and  the  image  of  an  object  will  not  be 
distorted  (Figure  2. If).  This  image  will  serve  as  a reference,  end  will  be  compared  with  the  imaging  obtained 
when  the  air  temperature  increases  or  decreeises  with  height. 

In  the  next  case  the  air  temperature  increases  with  height,  as  shown  in  Figtire  2.1a.  The  temperature 
increase  is  strongest  near  the  sea  surface.  As  the  refractive  index  decreases  with  height,  all  rays  are 
bent  towards  the  sea.  The  bending  is  stronger  the  nearer  one  comes  to  the  sea  surface  (Figure  2.1b).  The 
object  will  seem  to  be  displaced  Ufnrards  (Figure  2.1c).  At  the  same  time  the  object  appears  to  be  compressed. 
The  compression  is  stronger  near  the  sea  surface. 

In  the  last  example  the  air  temperature  decreases  with  height.  The  gradient  is  again  strongest  near 
the  sea  surface.  Temperature  and  refractive  index  may  vary  as  shown  in  Figure  2.1g.  The  rays  are  curved,  in 
a direction  away  from  the  sea  (Figure  2.1h).  The  curvature  is  stronger  for  reys  near  the  sea.  It  will  be 
noticed  that  for  long  ranges,  some  rays  may  cross  each  other.  This  means  that  the  same  object  may  be  seen 
in  two  different  directions.  The  object  will  be  displaced  downwards  at  the  same  time  as  it  is  elongated 
vertically  (Figure  2.1i).  The  lower  part  of  the  image  is  a mirage  of  part  of  the  object.  The  lower  part  of 
the  object  has  disappeared  below  a virtual  horizon.  The  observed  reflection  does  not  occur  in  the  sea  sur- 
face, but  in  the  atmosphere  near  to  the  sea  surface.  A more  detailed  discussion  of  the  magnitude  of  the 
compression,  elongation  and  reflection  is  given  in  section  5. 

In  these  three  cases  we  have  assumed  different  temperature  profiles  above  the  sea  surface,  and 
discussed  how  the  corresponding  refractive  index  variations  distort  an  object.  There  will  be  a close  con- 


nection between  the  particular  temperature  profile  and  the  temperature  difference  At(h) 


r(h)  - Ts 


when  the' air  temperature  is  measured  at  an  appropriate  height  h.  The  temperature  near  the  sea  surface 
usually  decreases  monotonically  as  a function  of  the  height  when  AT(h)  < 0,  and  increases  monotonically 
when  AT(h)  > 0.  This  relationship  becomes  more  probable  the  large:'  the  absolute  value  of  the  temperature 
difference  is. 


3.  IHSTRUMEMTATIOH 

A Nikon  F camera  body  and  a Questar  telephoto  lens  have  been  used  for  the  investigation.  The  objec- 
tive lens  has  an  effective  aperture  diameter  of  83.9  mm,  the  focal  length  is  U900  mm  and  the  f-maber  is 
99.  The  film  size  is  24  x 36  mm,  giving  a field  of  view  of  4.9  mrad  x 7.4  mrad.  The  diffraction  limited 
resoluti>.n  of  this  type  of  system,  according  to  the  Rayleigh  criterion  is  given  by  the  angle 

e . (3.1) 

where  X is  the  wavelength  of  light  and  D the  aportiare  diameter  of  the  objective  lens.  With  D ■ 0.99  um  and 
D ■ 83.9  mm  one  obtains  6 ■ 8 yrad,  which  means  that  points  0.8  mm  apart  may  be  resolved  at  100  m range. 

In  practice,  it  is  possible  to  resolve  or\  the  developed  prints  black/white  line  pairs  which  span  an  angle 
of  6-10  yrad.  It  may  therefore  be  concluded  that  the  complete  system  including  the  photographic  process, 
is  near  diffraction  limited  (STOKSETH,  P.A.,  1973). 

The  camera  with  telescope  is  mounted  on  a platform  vdiich  is  bolted  to  a heavy  iron  n-profil  base 
(Figwe  3.1).  To  obtain  the  mentioned  resolution  a movable  mirror  in  the  camera  body  has  to  be  made  fast 
duri^  exposure.  The  iron  profile  has  three  supports,  of  which  one  is  variable  in  height.  A horizontsd 
spirit  level  is  mounted  on  the  platform.  This  is  calibrated  against  a theodolite,  so  that  the  camera's 
optical  axis  may  be  oriented  parallel  to  the  tangential  plane  of  the  earth. 

Different  film  types  have  been  used  for  the  measurements,  in  the  majority  of  cases  Ilford  Fp4 
(200  ASA).  For  specially  short  exposures  Kodak  TRI-X  (700  ASA)  or  Kodak  2479  (3000  ASA)  was  used. 
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1*.  MEASURING  RESULTS 


Most  of  the  measurements  have  been  made  across  the  Oslo  fjord  at  Horten,  a distance  of  6.2  km.  The 
measuring  object  in  most  cases  consisted  of  a vertical  measuring  rod,  two  letters  and  a house.  In  Figure  U.l 
they  have  been  photographed  at  6.2  km  range.  In  the  vertical  direction,  the  whole  picture  format  has  been 
reproduced  in  the  figure,  i « the  vertical  angular  extent  of  the  picture  is  4.9  mrad.  The  resolution  in 
this  picture  is  about  twice  the  diffraction  limited  resolution  of  the  instrument  and  is  the  best  obtained 
durxng  measurements  at  6.2  km  range. 

The  first  series  of  photographs  (Figure  4.2)  displays  some  results  from  five  different  expeditions. 
Figures  4.2c  and  4. 2d  were  taken  on  the  same  expedition,  at  an  interval  of  a quarter  of  an  hour.  The  camera 
was  in  all  cases  mounted  1.0  meters  ± 0.1  meter  above  sea  level.  (The  tidal  difference  is  small  in  tho 
Oslo  fjord.)  The  optical  axis  of  the  camera  is  parallel  to  the  earth's  tangential  plane  at  the  observation 
site.  A plane  parallel  to  the  tangential  plane,  and  containing  the  optical  axis,  intersects  the  film  plane 
in  a horizontal  line  in  the  centre  of  the  photograph.  This  line,  which  corresponds  to  zero  elevation  angle, 
is  marked  at  the  edge  of  every  picture.  Figures  4.2a  - 4.2f  are  arranged  according  to  decreasing  elevation 
angle  to  the  apparent  air/sea  interface.  The  measured  temperature  difference  between  the  air  4 meters  r.bove 
sea  and  the  sea  temperature,  AT(4  m)  ••  ^air(**  - Tgea,  is  shown  on  each  photograph.  The  air  temperature 

was  measured  over  land  at  the  camera  site.  The  measured  value  of  AT(4  m)  may  therefore  deviate  frem  the 
average  AT(4  m)  along  the  entire  range. 

It  can  be  seen  that  when  the  pictures  are  arranged  sequentially  in  this  way,  the  measured  tempera- 
ture difference  also  decreases  from  Figure  4.2a  to  4.2f.  This  indicates  that  the  temperature  difference 
between  air  at  a certain  level  and  sea  also  determines  the  air  temperature  profile  below  that  level.  The 
qualitative  exploration  given  in  section  2 on  ray  bending  agrees  well  with  these  observations . 

A strong  correlation  is  observed  between  displacement  upwards  and  compression  of  the  object,  as 
well  as  between  displacement  downwards  and  elongation.  Cempression  and  elongation  is  greater  for  the  parts 
of  the  object  nearer  the  sea.  Consequently  the  temperature  and  refractive  index  change  are  greater  neeur  the 
sea  surface. 

In  Figure  4.2c,  4, 2d,  4.2e  and  4.2f  parts  of  the  object  are  inverted  and  reflected  in  a horizontal 
plane.  This  plane  intersects  the  vertical  object  plane  in  a line  which  we  call  the  reflection  line.  The 
appeurent  vertical  angle  between  this  reflection  line  and  the  air/sea  intersection  line  changes  frem  picture 
to  picture.  In  Figure  4,2c  and  4. 2d  displacement  and  reflection  allow  the  entire  letters  to  be  seen.  Large 
portions  of  the  lettors  have  disappeared  in  Figures  4.2e  and  4.2f.  In  the  angular  span  between  the  reflec- 
tion line  and  the  sea,  only  a mirage  of  peurts  of  the  object  can  be  seen.  This  may  cause  strong  shape  dis- 
tortions in  the  imaging  of  an  object,  for  example  as  seen  in  Figure  4.2e.  Due  to  the  ray  bending  the  image 
of  the  letters  V and  S looks  like  a rectangle  and  an  ellipse  respectively.  It  should  be  pointed  out  that 
the  image  distortion  due  to  ray  bending,  unlike  most  other  types  of  image  impairments,  may  give  a sharp, 
good-quality  image.  The  shape  of  the  observed  object  can,  however,  be  quite  wrong. 

When  the  sea  temperature  is  the  higher,  and  the  difference  between  sea  and  air  temperature  in- 
creases, an  increasing  part  of  the  object  seems  to  disappear  in  the  sea.  The  reason  for  this  is  that  rays 
that  almost  strike  the  sea  are  so  strongly  deflected  that  they  hit  the  object  at  great  height.  (The  rays 
of  light  do  not,  of  course,  strike  the  object  - they  come  from  the  object.  We  feel  however  that  the  argu- 
mentation is  somewhat  simpler  to  folJ.ow  if  one  regards  the  rays  as  originating  in  the  camera  and  hitting 
the  object. ) 

The  largest  difference  in  displacement  is  found  by  comparing  Figures  4.2a  and  4.2f,  the  difference 
being  about  1.5  mrad.  The  angle  between  the  appsurent  sea/air  interface  and  the  reflection  line  equals  the 
extension  of  the  inverted  object.  This  angle  is  largest  (0.5  mrad)  in  Figure  4.2c. 

In  the  second  image  series  (Figure  4.3)  all  the  pictures  were  taken  during  a short  time  interval 
with  approximately  constant  temperature  conditions.  They  were  taken  with  the  camera  at  different  heights. 

The  height  is  shown  on  each  picture,  and  varies  from  1.9  m to  0.4  m.  The  range  between  object  and  camera 
was  4.7  km.  The  height  of  the  object  was  1.3  m,  its  lower  edge  being  0.6  m above  sea  level.  The  sea  tempera- 
ture was  measured  and  found  to  be  0.1°C  lower  than  the  air  temperature  However,  the  pictures  indicate  that 
the  average  air  temperature  decreased  with  increasing  height. 

In  this  series  the  optical  axis  is  not  known.  The  object  displacement  can  not  therefore  be  calcu- 
lated. The  figure  illustrates  the  importance  of  the  observation  height  for  the  resulting  image.  As  the 
camera  is  moved  down  from  the  upper  height  of  1.9  meters,  the  lower  part  of  the  letters  becomes  elongated. 
Further  downward  movement  of  the  camera  causes  the  lower  part  of  the  object  to  disappear  and  the  remaining 
part  to  be  elongated.  At  a camera  height  of  0.5  m the  letters  V and  S are  seen  as  a square  and  a circle. 

Only  in  a few  cases  have  we  investigated  how  quickly  the  image  quality  can  change.  In  one  single 
case  the  image  of  the  letters  changed  considerably  during  a period  of  15  minutes.  This  means  that  also  the 
average  temperature  profile  may  vary  considerably  during  relatively  short  time  intervals. 

As  mentioned  in  section  2,  the  atmospheric  turbulence  will  cause  rapid  fluctuating  inhomogeneities 
in  the  refractive  index.  The  image  distortion  due  to  turbulence  varies  greatly  with  differing  meteorological 
conditions.  Figure  4.1  shows  how  sheup  an  image  may  be  when  the  influence  of  turbulence  and  ray  bending  is 
small.  The  series  of  photographs  in  Figure  4.4  were  taken  in  rapid  succession  during  conditions  of  strong 
turbulence.  During  a short  exposure  time  (1/500  s)  the  atmosphere  will  be  "frozen",  and  a snapshot  will  be 
obtained  of  the  influence  of  turbulence.  The  shape  of  the  object  may  be  distorted,  but  the  image  be  rela- 
tively sharp.  At  longer  exposures  (0.5  s)  temporal  fluctuations  will  be  averaged.  The  shape  of  the  object 
will  be  reproduced  better,  but  the  image  will  be  indistinct. 
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BM«d  on  «ach  of  the  picture!  in  Figure  U,2  e curve  has  been  dravn  depicting  the  relationship  of 
apparent  angle  versus  real  angle  to  different  points  on  the  object.  These  curves  are  presented  in  Figure  ?.l. 
The  sketch  at  the  hottest  of  the  figure  illustrates  vhat  is  meant  by  apparent  and  real  angle.  The  apparent 
angle  is  found  by  measuring  directly  from  the  picture.  The  real  angle  is  the  angle  at  which  the  object  would 
be  seen  under  conditions  where  the  rays  of  light  would  follow  straigth  lines.  The  curves  will  be  called 
displacoment  curves,  since  th^  depict  how  much  the  different  points  on  th^  object  have  been  displaced  due 
to  ray  bending.  The  absolute  accuracy  of  the  curves  is  about  0.1  mrad,  but  the  relative  error  between  points 
on  one  curve  is  less. 

The  lower  terminal  of  each  curve  indicates  that  for  small  apparent  angles  the  ray  meets  the  sea. 

A straight  line  through  origo  and  at  U3  degrees  to  the  coordinate  axes  represents  the  "displacement  curve" 
obtained  when  the  refractive  index  is  coaipletely  homogeneous.  For  curves  above  and  below  this  reference 
line  the  displacement  is  respectively  upwards  and  downwards  in  the  field  of  view.  If  the  curve  is  parallel 
to  the  reference,  the  displacement  is  constant  over  the  whole  picture.  Deviations  frem  such  a parallel  re- 
sults in  compression  if  the  curve  bends  upwards,  and  elongation  if  the  curve  bends  downwards.  Seme  of  the 
curveu  reach  a minimum  value  for  the  real  angle  at  a certain  apparent  angle.  For  lover  apparent  angles  the 
real  angle  increases.  Thus,  in  a given  angular  ratige  there  are  two  apparent  angles  for  each  real  angle. 

This  indicates  reflection.  By  studying  the  displacement  curves  one  may  readily  ceme  to  the  same  conclusions 
concerning  displacement,  elongation/cempression  and  reflection  as  discussed  in  section  U. 

Theoretical  calculations  have  also  been  made  in  order  to  find  the  form  of  such  displacement  curves 
for  a nvsaber  of  given  vertical  refractive  index  profiles.  By  means  of  numerical  solution  of  the  differential 
equations  for  a number  of  rays  of  light  in  a given  refractive  index  field  a theoretical  displacement  curve 
can  be  derived  (HEIFK,  H.).  For  each  refi’active  index  profile  one  displacement  curve  is  obtained.  In  prin- 
ciple there  is  also  only  one  profile  for  each  displacement  curve.  It  is  therefore  possible  to  find  the 
average  temperature  profile  during  the  conditions  when  a distortion  is  measured,  by  selecting  the  theoreti- 
cal displacement  curve  which  must  closely  matches  the  experimental  displacement  curve.  In  practice,  however, 
the  accuracy  with  which  a r-ofile  can  be  determined  depends  on  the  accuracy  of  the  experimental  curve  and 
the  suitability  of  the  refractive  index  model. 

In  order  to  obtain  the  best  possible  basis  for  choosing  refractive  index  profiles  for  the  calcu- 
lations a search  was  made  in  the  literature  for  measured  toaperature  profiles  over  the  sea,  A number  of 
such  measurements  were  found  (ROLL,  H.V.,  1952,  FLEAGLE,  R.G.,  1956,  BRUCH,  H.,  19U0  and  WUST,  G.,  1937). 

The  measured  profiles  vary  strongly  for  different  cases.  Semetimes  the  twperature  was  found  to  be  a 
linear  function  of  height,  but  most  often  an  almost  logarithmic  dependence  of  the  height  on  tonperature 
had  been  found. 

A simple  express!  1 for  the  refractive  index,  which  covers  both  the  linear  and  logarithmic  case  is; 

1 

n(h)  ■ n^  ♦ Kp-6T(lt  m)h*’  (5.1) 

Here  AT(I>  m)  is,  as  usual,  the  difference  between  the  air  temperature  U meters  above  sea  level 
and  the  sea  temperature.  The  constant  Kp  is  given  by  the  equation  (2.2)  and  a requirement  that  the  refrac- 
tive indices  at  0 m and  U m are  to  be  the  same  for  all  values  of  p.  p determines  the  shape  of  the  profile 
between  0 m and  U m.  The  linear  profile  corresponds  to  p ■ 1,  while  the  dependence  is  nearly  logarithmic 
when  p is  large. 

The  minimum  apparent  angle  6^(min)  indicates  where  in  the  image  field  the  interface  between  sea  and 
air  is  located.  This  angle  may  be  found  from  the  following  approximate  equations; 

e^(min)  = + (5.2) 

o 

where  n is  the  refractive  index  for  h ■ 0,  An  is  the  difference  in  refractive  index  between  camera  height 
h^  and  the  sea,  and  R is  the  radius  of  the  earth. 

Displacanent  curves  have  been  calculated  for  two  sets  of  refractive  index  profiles . An  observation 
height  of  1 m has  been  assumed,  and  a distance  to  the  object  of  6.2  km.  For  one  of  the  sets  of  curves  the 

coefficient  p is  in  all  cases  eq. al  to  3 (such  that  n-n©  « h^''^),  while  the  temperature  difference  is 

varied.  The  displacement  curves  (Figure  5.2,  left-hand  aide)  are  located  above  the  U5°  reference  curve 
when  the  air  temperature  is  highest,  and  below  when  the  sea  is  warmest.  The  displacement  of  the  object 
increases  with  decreasing  apparent  angle  and  increasing  value  of  the  temperature  difference.  The  curves 
show  that  when  n-no  “ h^'5  a part  of  the  object  will  always  be  reflected  if  the  sea  is  warmer  than  the  air. 

In  the  second  set  of  refractive  index  profiles  the  value  of  the  temperature  difference  is  in  all  cases  equal 

to  l^C,  while  the  coefficient  p is  varied.  The  displacement  curves  (Figure  5.2,  right-hand  side)  show  that 

the  whole  object  is  displaced  but  not  distorted  when  p « 1,  i c when  n-n  « h.  When  p > 1 the  displacement 
increases  with  decreasing  apparent  angle.  Compression  or  especially  elongation  of  the  object  will  occur 
over  a large  angle.  With  increasing  values  of  p,  an  increasing  part  of  the  object  will  be  reflected. 

Comparing  Figure  5.1  and  5.2,  it  can  be  seen  that  the  refractive  index  must  have  varied  approxi- 
mately linearly  with  height  under  the  conditions  when  Figure  U,2f  was  taken.  For  the  conditions  which  gave 
Figures  I*. 2c,  l*.2d  and  lt.2e  the  refractive  index  ausb  have  varied  more  strongly  with  height  for  small 
elevations.  In  order  to  obtain  perfect  curve  fitting,  it  is  necessary  to  utilire  a more  general  form  for 
the  refractive  index  than  used  earlier. 

The  matching  technique  mentioned  here  may  serve  as  a basis  for  a long  duration  investigation  of  the 
mesui  temperatuT"  profile.  As  a suitable  measuring  object  a 10  - 20  m long  rod  could  be  set  up  with  one  end 
in  the  sea.  The  : od  should  be  in  a plane  perpendicular  to  the  direction  to  the  observer,  but  be  inclined  1(5° 
to  the  horizontal.  It  should  be  painted  white  and  have  electric  light  bulbs  or  tubes  along  the  entire  length. 
A camera  with  a telephoto  lens  should  be  sited  some  kilometers  away  from  the  taiget.  The  optical  axis  of 
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to  b*  axpoied  and  advanced  as  often  as  desired.  The  picture  of  the  rod  will  then  directly  describe  the 
dlsplaceaent  curve,  which  we  earlier  had  to  calculate.  One  may  then  assume  a general  form  of  n(h)  and  thus 
also  of  T(h).  By  means  of  suitable  optimisation  one  may  find  the  coefficients  in  the  general  expression  so 
that  theoretical  and  measitfed  displacement  curves  beccme  fairly  e<xual.  It  seems  to  us  that  a good  approxi- 
mation  to  the  refractive  index  often  may  be  derived  by  using  the  form 

1 

n(h)  ■ n^j  + k(h+a)*"  (5.3) 

where  a and  p are  coefficients  describing  the  shape  of  the  profile,  k depends  on  the  temperattrre  diffe- 
rence between  sea  euid  air. 

As  we  have  seen  in  Figures  1.1,  U.2  and  b.3,  it  is  especially  distortion  through  elongation  and 
reflection  which  makes  identification  of  objects  difficult.  We  have  seen  chat  elongation  and  reflection 
occur  when  the  sea  temperature  is  higher  than  the  air  temperature.  It  is  therefore  desirable  to  know  the 
distribution  of  AT  in  the  region  of  the  sea  in  which  one  is  interested.  The  Norwegiem  Meteorological  Insti- 
tute has  kindly  provided  such  distributions  from  their  measuring  data  for  selected  places  along  the 
Norwegian  coast.  They  are  presented  in  Figure  5.3  as  cumulative  distributions  of  the  temperature  difference 
Tair(h)  - Ts^a  three  stations  along  the  coast  and  one  station  in  the  North  Sea.  The  air  temperature  has 
been  measured  in  different  heights  h at  the  different  stations.  The  results  include  measuring  data  for 
periods  of  at  least  10  years  and  are  presented  separately  for  the  summer  and  winter  half  year  The  measured 
temperature  difference  when  the  pictures  in  Figures  l*.2e  and  U.2f  were  taken  was  -0.5°C  and  -0.7®C  respec- 
tively. In  these  cases  there  is  a significant  image  distortion.  Assuming  that  the  distortion  always  is 
signficant  when  the  temperature  difference  is  at  least  -1°C,  the  curves  in  Figure  5-3  show  that  the  proba- 
bility for  distortion  at  all  the  measuring  stations  during  winter  is  at  least  50)t. 


6.  CONCLUSIONS 

This  paper  describes  the  type  and  degree  of  image  distortion  observed  above  the  sea.  The  distortion 
is  caused  by  stable,  vertical  refractive  index  gradients  near  the  sea  bending  the  rays  of  light.  The  re- 
fractive index  gradients  are  caused  by  temperature  gradients.  An  important  difference  between  this  type  of 
distortion  and  most  other  types  is  that  the  picture  may  be  sharp,  but  the  shape  of  the  object  entirely 
wrong. 


Measuring  results  eire  presented  in  the  form  of  pictures  showing  how  an  object  is  displaced  and 
distorted  by  different  amounts  of  ray  bending.  One  has  found  that  the  sign  of  tl»e  difference  between  the 
sea  and  air  temperature  determines  the  type  of  image  distortion  observed.  When  the  sea  temperature  is  the 
higher,  the  object  is  elongated  and  reflected.  This  distortion  is  far  more  serious  than  the  canpression 
of  the  object  which  is  observed  if  the  air  is  warmer  than  the  sea.  The  probability  of  a temperatxure  profile 
causing  a strong  distortion  through  elongation  and  reflection  is  found  to  be  at  least  50!(  during  winter 
at  most  places  along  the  Norwegian  coast. 

The  displacement  and  distortion  of  an  object  is  usually  observed  within  a narrow  angular  range  of 
±2-3  mrad  in  elevation  about  the  earth's  tangential  plane.  The  object  as  well  as  the  observer  have  to  be 
near  the  sea  .surface,  and  the  distance  between  them  at  least  a few  kilometers.  The  effect  of  ray  bending 
above  the  sea  may  limit  the  usefulne.ss  of  optical  and  electro-optical  instruments  with  small  field  of  view 
and  good  resolution.  The  least  serious  effect  of  ray  bending  is  a pure  displacement  of  the  object.  The 
displacement  may  vary  more  than  1 mrad.  The  measurements  performed  show  that  image  distortion  increases 
when  the  observation  height  decreases.  Optical  instruments  in  ships  should  therefore  be  used  frcm  the 
highest  possible  position. 

If  it  is  assumed  that  the  refractive  index  above  the  sea  is  only  a function  of  height,  there  will 
exist  an  unambiguous  relation  between  a recorded  distorted  image  and  the  refractive  index  gradient  causing 
the  distortion.  As  a refractive  index  change  is  proportional  to  a canperature  change,  there  will  be  only 
one  temperatxire  profile  corresponding  to  a given  picture.  In  this  paper  we  have  suggested  a simple  measuring 
method  making  it  possible  to  find  the  average  temperature  profile  above  the  sea.  The  method  may  prove  valu- 
able for  studies  of  the  heat  exchange  between  sea  and  air. 
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Figure  1.1  Image  distortion  due  to  ray  bending, 

A ship  is  photographed  at  short  range  (upper).  The  same  ship  is  photographed  with  a telephoto 
lens  from  a site  > meters  above  sea  level  at  a 5 hm  and  8 km  range.  The  sea  temperature  was 
3°C  higher  than  the  air  temperature. 


Figure  2,1  Imaging  of  object  for  three  different  temperature  profiles. 

When  the  air  temperature  is  homogeneoua  (d),  the  rays  of  light  are  straight  lines  (e)  and  the 
image  of  an  object  is  not  distorted  (f).  When  the  air  temperature  increases  with  increasing 
height  (a),  the  rays  of  light  are  bent  towards  the  sea  (b).  The  object  is  compressed  and  dis- 
plsced  upwards  in  the  field  of  view  (c).  When  the  temperature  decreases  with  increasing  height 
(g)i  the  rays  of  light  arc  bent  away  from  the  sea  (h),  and  the  object  is  displaced  downwards 
in  the  field  of  view  (i).  The  object  is  stretched  and  parte  of  it  is  reflected,  while  other 
parts  disappear . li, 


Figure  li.2  Results  from  five  different  expeditions. 

The  pictures  in  c and  d are  taJten  on  the  same  day,  at  an  interval  of  fifteen  minutes.  The 
camera  lieight  is  1 meter  above  sea  level  and  the  distance  to  the  object  is  6.2  km.  The  mea- 
sured temperature  difference  AT(U  m)  between  the  air  temperature  at  U meters  neight  on  cajiiera 
site  and  the  sea  temperature  is  noted  on  the  pictures,  v is  the  measured  wind  speed.  The  expo- 
sure times  range  from  1/4  s to  1 s. 


Figure  *4,lt  Influence  of  the  exposure  rime  on  the  imaging  during  conditions  with  strong  turbulence. 

The  range  to  the  object  was  6.2  km,  the  camera  war,  situated  5 m above  sea  level,  the  sea/air 
temperature  difference  was  +5.li°C  and  the  wind  speed  was  5.5  m/s. 
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Figure  5.1  Displacement  curves  calculated  from  the  pictures  in  Figure  4.2 
The  displacement  curves  indicate  the  connection  between  appare 
different  object  points.  The  lower  sketch  defines  the  terms  "a 


APPARENT 


ANGLE  tnrad 


ANGLE  (mrad) 


n-no  ochP 


ANGLE  (mrad) 


Figure  5.2  Theoretical  displacement  curves,  calculated  from  refractive  index  profiles  given  by  equation 
(5.1). 

The  temperature  difference  AT( 4 m)  and  the  constant  p is  noted  on  the  figures . 
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Figure  5.3  Cumulative  distribution  of  the  temperature  difference  AT(h)  between  the  air  at  a height  h 
above  sea  level  and  the  sea,  from  foui’  meteorological  stations. 

The  temperatures  are  read  every  day  at  1,00  pm  (every  3 hours  for  the  rescue  vessel).  The 
measurements  are  taken  during  the  following  time  intervals;  Skrova  1957~69,  Ona  and  Ferder 
1951-66,  rescue  vessel  1959-69.  (Data  from  the  Norwegian  Meteorological  Institute.) 
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3UMM>\RY 

The  paper  begins  wJ.th  a brief  review  of  the  types  of  night  vision  systems  which  have  emerged  from 
the  decades  following  the  second  world  war.  The  fundamental  limits  of  all  such  devices  (including  the 
human  eye)  are  set  by  photon  noise. 

The  ways  in  which  the  earth's  atmosphere  affect  the  image  quality  of  night  vision  devices  are  next 
discussed  and  of  particular  interest  here  is  the  effect  on  apparent  contrast. 

The  second  part  of  the  paper  considers  the  atmospheric  problems  associated  with  the  use  of  supple- 
mentary illumination.  Continuously  emitting  searchlights  are  briefly  considered  but  the  paper  concentrates 
on  the  techniques  associated  with  pulsed  illuminators.  A summary  is  given  of  a basic  mathematical  model 
of  such  a system. 

The  paper  concludes  with  a short  list  of  some  of  the  more  urgent  problems  which  remain, 

1.  INTRODUCTION 

Throughout  the  decades  since  the  second  world  war  there  has  been  a steadily  increasing  amount  of 
scientific  effort  devoted  to  the  development  of  night  vision  sensors.  Most  of  the  stimulus  for  this  work 
has  arisen  out  of  the  war  and  the  future  needs  of  military  systems,  altho’  ^h  there  are  many  peaceful 
applications  as  well.  The  principal  military  interest  in  night  vision  is  the  detection,  recognition  and 
identification  of  enemy  vehicles  and  personnel  under  conditions  of  poor  illumination  but  a broader  aim  is 
to  be  able  to  conduct  all  night-time  operations  with  near-daylight  efficiency.  Many  types  of  equipment 
have  been  developed  for  these  purposes  but  they  can  be  roxighly  classified  under  four  main  headings. 

Firstly,  there  are  the  purely  optical  devices  such  as  night  telescopes  and  binoculars.  As  is  well 
known  these  do  not  increase  the  apparent  luminance  of  the  scene  (no  ordinary  optical  system  can  ever  do 
that)  but,  by  providing  angular  magnification  they  contrive  to  offset  the  reduced  resolution  of  the  human 
eye  at  low  light  levels.  An  essential  feature  of  design  is  that  the  exit  pupil  of  the  system  should  be 
at  least  as  large  as  the  dark-adapted  pupil  of  the  eye. 

The  second  category  of  night  vision  devices,  the  image  intensifier,  takes  us  into  the  field  of 
electro-optics.  The  basic  intensifier  consists  essentially  of  an  evacuated  cylinder  containing  a photo- 
cathode at  one  end  and  an  electro-luminescent  phosphor  at  the  other,  Photoelectrons  emitted  by  the 
photocathode  are  accelerated  by  an  applied  electric  field  and  focused  to  form  an  image  on  the  phosphor. 
Owing  to  the  inc ceased  energy  of  the  accelerated  electrons,  more  photons  are  emitted  by  the  phosphor  image 
than  were  originally  incident  on  the  photocathode  and  so  a light  amplification  is  effected.  The  luminous 
gain  of  such  a device  is  typically  about  50,  By  cascading  several  such  intensifiers  it  is  possible  to 
achieve  considerably  higher  gains.  For  example,  a thrBe->?tage  system  may  have  a gain  of  about  30,000. 

Television  equipments  form  the  third  category  of  this  brief  survey.  Most  low  light  television  (LLTV) 
systems  use  an  image  intensifier  of  the  type  we  have  just  described,  as  a first  stage  of  light  amplific- 
ation, This  is  then  coupled  to  one  of  the  many  forms  of  TV  pick-up  tube  such  as  the  SEC  vidicon,  the  SIT 
vidicon  and  the  image  isocon.  It  is  beyond  the  scope  of  this  paper  to  discuss  the  relative  merits  of  these 
various  types.  Suffice  it  to  say  that  they  all  contain  additional  stages  of  gain  in  addition  to  a storage 
mechanism.  Three  obvious  advantages  of  LLTV  over  the  first  two  categories  of  night  vision  sensor  ares 

(a)  that  the  display  can  be  remote  from  the  optical  sensor 

(b)  that  the  size  of  the  display  can  be  chosen  independently  of  the  rest  of  the  system 

(o)  that  the  human  eye  can  be  used  in  its  normal  light-adapted  state  to  view  a bright  display. 

A fourth  category  of  sensor  is  perhaps  not  properly  included  with  the  rest  since  its  operation  depends 
mainly  on  radiation  emitted  by  the  elements  of  the  scene  by  virtue  of  their  temperatures,  rather  than  by 

reflected  incident  light.  This  group  includes  of  course,  the  various  types  of  infra-red  sensors  and  has 

only  been  Included  for  the  sake  of  completeness. 

2.  FUNDAMENTAL  LIMITS 

It  is  natural  first  to  examine  the  performance  of  the  human  eye  since,  were  it  not  for  limitations  of 
this,  we  would  probably  not  consider  other  types  of  sensor  at  all.  At  the  highest  light  levels  which 
occur  naturally  (say  a scene  Illumination  df  105  lux,  corresponding  to  direct  sunlight)  the  human  eye 
provides  its  possessor  with  a full-colour,  high-definition  impression  of  some  5 steradlans  or  so  of  the 
external  world.  This  statement  is  a broad  generalisation.  In  fact  the  perception  of  colour  and  fine 
detail  falls  off  considerably  towards  the  periphery  of  the  field  of  view  but  this  is  largely  offset  by  the 
rapidity  with  which  the  eye  can  be  directed  toward  the  point  of  interest.  As  the  light  level  falls,  a 
complicated  system  of  psychological  and  physiological  controls  ensures  that  the  system  maintains  most  of 
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its  ef'^lclency  over  a considerable  range  of  scene  lllvunlnatlons.  However,  aroiuid  the  twilight  levels  (of 
the  order  of  1 l\ix)  It  becomes  noticeable  that  both  resolving  power  and  colour  perception  begin  to  decrease, 
and  this  tendency  continues  as  the  light  level  falls  still  further. 

The  lowest  naturally  occurring  level  under  the  open  sky  Is  about  10"4  lui  (corresponding  to  an 
overcast,  moonless  night)  but  there  are  situations  of  military  importance  where  It  can  be  even  lower,  for 
example  In  a dense  forest.  Under  these  conditions,  the  human  eye  seems  to  lose  all  of  Its  sense  of  colour 
and  very  nearly  all  of  Its  resolution  of  fine  detail.  Furthermore,  the  mere  detection  of  light,  to  which 
the  observer  Is  reduced  under  these  circumstances.  Is  now  performed  by  the  periphery  of  i le  retina,  rather 
than  the  centre  (the  technique  of  averted  vision). 

In  a classic  paper  Albert  Rose  emalysed  the  performance  of  an  'Ideal  picture  pick-up  device',  namely 
one  that  Is  limited  only  by  random  fluctuations  In  the  primary  process  of  conversion  of  photons  to 
electrons  (Rose  A 1948).  His  basic  result,  converted  into  modem  units  Is: 
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Rose  goes  on  to  compare  this  result  with  actual  data  on  the  performance  of  the  eye  and  shows  that, 
within  certain  limits  of  the  variables, the  eye  may  be  matched  to  an  ideal  device  with  a quantum  yield  of 
0.05  at  low  light  levels  and  0.005  at  high  light  levels.  It  is  known  that  the  system  of  control  of  the 
eye  includes  this  variation  of  quantum  yield  (6) . Other  factors  in  the  control  system  are  dilation  of  the 
pupil  (U) , variation  of  integration  time  (t),  integrating  the  signal  over  larger  areas  on  the  retina  by 
effectively  paralleling  the  outputs  from  several  elementary  receptors,  lowering  of  sensitivity  thresholds 
etc. 


The  fundamental  limit  examined  by  Rose  is  a limit  which  applies  to  all  night  vision  devices,  since 
randomness  is  a oharaoteristic  of  any  primary  photo-process  i.e.  one  in  which  incident  photons  cause  the 
release  of  photo-electrons  which  become  the  'signal'.  This  source  of  noise  remains  after  all  others  have 
been  eliminated.  Apart  from  light  level,  its  magnitude  will  depend  on 

(a)  the  elementary  image  area  over  which  integration  may  be  considered  to  occur  (this  obviously 
relates  to  resolving  power) 

(b)  the  integration  time  of  the  system,  usually,  but  not  always,  that  of  the  human  eye, 

3.  ATMOSPHERIC  LIMITATIONS 


So  far  we  have  only  considered  the  limits  imposed  on  a night  vision  system  arising  from  the  quantities 
of  light  available.  There  is  another,  and  in  some  cases  more  serious,  limitation.  In  the  basic  military 
task  of  detecting  the  presence  of  an  enemy,  we  are  frequently  concerned  with  ranges  of  the  order  of  several 
kilometres.  In  modem  war,  the  early  detection  and  recognition  of  an  enemy  vehicle  at  the  greatest  possible 
reinge,  may  make  all  the  difference  between  the  success  and  failure  of  a given  mission.  At  such  ranges 
however,  the  earth's  ati.iosphere  will  play  a major  role  in  determining  the  quality  of  the  image  presented  to 
an  observer. 


As  a broad  generalisation,  wo  can  say  that  the  presence  of  the  atmosphere  will  influence  image  quality 
in  three  dlslnct  ways: 


(a)  bight  reflected  by  the  target  and  its  background  and  travelling  towards  the  electro-optical 
sensor  will  be  absorbed  by  molecules  of  the  atmospheric  gases,  scattered  out  of  the  direct  path 
both  by  molecules  and  by  suspended  particles  (chiefly  water  droplets)  and  finally,  refracted  by 
density  gradients  arising  mainly  from  temperature  inhomogeneities.  The  net  result  will  be  a loss 
of  light  which  wo\ild  otherwise  have  contributed  to  the  optical  image.  We  will  group  together  the 
above  effects  under  the  general  heading  of  attenuation. 

(b)  The  detection  of  a target  against  its  background  amounts  fundamentally  to  detecting  a radiance 
(or  luminance)  difference  between  the  two.  If  this  difference  is  zero-  detection  is  clearly 
impossible  by  any  of  the  devices  we  are  considering  here.  (This  statement  is,  of  course,  a gross 
simplification.  In  a real  situation  wo  must  consider  the  spectral  distribution  of  the  light  from 
target  and  background  and  its  relation  to  the  spectral  responsivlty  of  the  primary  photocathode 
of  the  sensor.  A true  luminance  difference  of  zero  may  still  give  rise  to  a finite  difference  of 
signal  current  in  a sensor  which  has  a different  spectral  responsivlty  from  that  of  the  eye) . 


The  ease  with  which  the  difference  is  detected  is  a function  of  the  radiance  levels  themselves, 
a given  difference  being  less  significant  at  higher  levels.  This  is  usually  expressed  by 
referring  to  the  contrast  between  target  and  background.  The  definition  used  throughout  this  paper 
has  already  been  given  in  connection  with  the  result  of  Rose  above. 
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80  Inoreasa  th«  apparent  radlanoea  of  both  target  and  baccground.  Clearly  this  will  decrease 
the  apparent  oontraet  and  so  make  the  detection  task  more  difficult.  The  effect  of  attenuation 
in  (a)  above  also  worsens  this  contrast  reduction  since  it  reduces  the  useful  light  as  a 
proportion  of  the  scattered  light.  A well-known  simple  result  for  uniform  atmospheres,  which 
Includes  effects  (a)  and  (b)  lai 

h - >*0  • €) 

where  •>  apparent  radiance  of  object  at  range  R 
« Instrlnslc  radiance  of  object 
Ng  radiance  of  horizon  sly 
R = range 

a » atmospheric  extinction  coefficient 

(o)  The  third  atmospheric  effect  on  image  quality  is  a dynamic  one,  namely  the  optical  aberrations 

arising  from  refractive  index  fluctuations  over  the  optical  path.  The  result  of  these  fluctuations 
is  a random  variation  of  the  geometry  of  image  details,  resulting  in  a loss  of  resolution  and 
contrast.  The  effects  (usually  referred  to  as  shimmer  and  scintillation)  are  extremely  difficult 
to  quantify  and  will  not  be  considered  further  in  this  paper.  The  reader  is  referred  to 
(Lawrence  R.S.  and  Strohbehn  J.V.  1970)  (for  example)  for  a summary  of  theoretical  work  in  this 
field. 

In  the  case  of  tolevision  sensor  systems  there  are  various  techniques  available  which  go  some  way 
towards  compensating  for  the  contrast  losses  caused  by  atmospheric  scattering  and  attenuation.  These 
techniques  make  use  of  non-linear  (or  even  discontinuous)  transfer  characteristlos  during  the  stages  of 
electronic  signal  amplification  and  in  some  oases,  can  be  applied  to  selected  portions  of  the  picture  only 
(Clark  W.J.R.,  1975). 

Simple  contrast  expansion  can  be  achieved  by  over  or  under— compensating  at  the  'gamma  correction* 
stage.  If  the  original  optical  image  contains  the  >diole  tone  range  from  black  to  white  this  technique 
is  only  of  limited  application. 

A more  effective  method  is  the  'Auto-blaok'  technique  in  which  the  least  bright  part  of  the  scene 
(regardless  of  its  actual  brightness)  is  reproduced  as  black  in  the  display,  whilst  the  brightest  part  of 
the  scene  is  reproduced  as  peak  white.  The  contrast  expansion  is  therefore  gi-eatest  when  the  total  scone 
contrast  is  least. 

Other  more  sophisticated  methods  are  described  in  the  paper  by  W.J.R.  Clark. 

4.  SYSTEMS  USING  SOPPLEatEMTARY  ILLUMINATION 

The  fundamental  photon  limit  which  applies  to  all  night  visio".  devices  at  a sufficently  low  light 
level,  can  b--  avoided  by  supplying  more  photons  artificially  i.e.  by  the  use  of  a searchlight,  khether 
this  searchlight  supplies  radiation  within  the  visible  spectrum  or  not,  in  military  terms  it  constitutes 
an  active  system.  This  has  certain  tactical  Implications  which  w^ll  not  be  discussed  here.  The  rest 
of  this  paper  will  bo  devoted  to  examining  the  ways  in  which  such  tapplementary  Illumination  can  bo  used 
-to  help  us  towards  solutions  of  the  low  light  problem  in  a scattering  atmosphere. 

In  most  applications  it  is  desirable  that  any  artificial  light  source  which  is  employed  be  situated 
close  to  the  imaging  sensor  so  that  the  whole  equipment  (illuminator  + sensor)  oan  be  conveniently  controlled 
by  a single  operator.  In  considering  ranges  of  several  kilometres  it  lAll  be  clear  that  we  must  concentrate 
on  illuminating  only  a small  area  of  the  scene  in  order  to  conserve  efficiency 
will,  in  general,  be  of  narrow  angle  and  fairly  well  defined.  The  field  of  vi 
similarly  restricted  but  as  it  may  be  required  to  operate  without  an  illuminator  at  high  light  levels  a 
wide  field  of  view  may  be  more  appropriate.  This  choice  will  depend  on  the  particular  operational  require- 
ment. 


ew  of  the  sensor  could  be 


An  atmospheric  problem  arises  immediately  we  attempt  to  use  a searchlight  in  this  manner,  namely 
baoksoatter  from  the  atmospheric  aerosol  in  the  path  of  the  beam.  Close  proximity  of  source  and  sensor 
implies  that  a great  deal  of  the  bean  will  lie  across  the  line  of  sight  of  the  sensor  and  baokscatter  from 
this  region  will  reduce  the  target  contrast  against  its  background.  For  reasons  which  will  be  self-evident, 
baokscatter  will  increase  as  atmospheric  attenuation  increases  so  that  we  would  expect  the  whole  situation 
to  become  rapidly  worse  aa  the  atmospheric  extinction  coefficient  increases. 

It  would  appear  that  there  are  two  basic  techniques  for  combating  this  problem  and  we  will  now  examine 
each  of  these  in  turn. 

Figure  1 shows  the  relation  between  backsoattered  radiance  and  range,  for  three  different  atmospheric 
conditions.  The  ordinates  are  the  apparent  radiances  of  a 1 metre  thick  lamina  of  atmosphere  when 
irradiated  by  a source  of  radiant  intensity  1 W/sr  at  the  stated  ranges.  This  diagram  has  been  included  to 
emphasize  the  sensitivity  of  baoksoatter  to  range.  A useful  rough  rule  is  readily  apparent  from  the  figure, 
namely  that  an  order  of  magnitude  decrease  in  range  results  in  two  orders  of  magnitude  increase  in  back- 
scattered  radiance. 

Th\is  by  far  the  most  dominant  part  of  the  radiance  comes  from  siiort  ranges.  It  will  be  clear  that,  by 
laterally  separating  source  and  sensor,  we  oan  make  use  of  the  geometry  of  the  situation  to  ensure  that  the 
parts  of  the  atmosphere  close  to  the  sensor  are  not  illuminated  by  the  beam  and  do  not  contribute  to  the 
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total  bacskBoattor,  This  technique  la  aometlmea  referred  to  aa  'spatial  gating*  • It  la  very  United  In 
Ita  application  slnoe.  If  aouroe  and  sensor  are  to  he  regarded  as  a single  unit,  equlpnent  alae  will 
restrict  the  available  separation  distance. 


It  oan  be  shorn  that  the  apparent  jadlanoe  due  to  baoksoatter  in  this  situation  is  given  approzlnately 
by  the  expresslont 


where  J 
o 
0 
S 
e 
0 


source  Intensity  In  v/sr 
extinction  coefficient 

relative  scattering  function  for  the  case  of  biok^catter 
source-sensor  separation 

convergence  angle  between  illuminator  beam  and  optical  axis  of  sensor 
half  Illuminator  beam  angle 
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The  second  technique  for  eliminating  much  of  the  close  backsoatter  is  uaally  called  'time  gating'. 

By  providing  the  additional  Illumination  In  the  form  of  short  pulses  and  using  some  form  of  time  gating  in 
the  sensor  equipment,  it  la  possible  to  differentiate  on  a time  basis  between  radiation  soattered  or 
reflected  from  different  reuiges.  In  particular,  by  arranging  that  light  reflected  from  the  object  of 
interest  reaches  the  sensor  during  the  open  period  of  the  gate,  the  effect  of  backscattered  light  from 
other  ranges  can  be  largely  eliminated  (Adllngton  R.E.,  1975). 


Figure  2 Is  a simple  diagram  which  helps  to  clarify  the  basic  principle  and  is  useful  for  determining 
the  limits  of  certain  Integrals  which  occur  in  the  analysis.  The  diesiam  Is  largely  self-explanatory, 
but  the  reader  should  note  one  or  two  points.  The  gradient  of  all  sloping  lines  Is  equeil  to  1 c,  where  c 
la  the  velocity  of  light,  A little  consideration  will  show  that  only  objects  and  atmospheric  particles 
within  the  space-time  limits  shown  shaded  will  scatter  light  which  will  be  perceived  by  the  sensor  since, 
for  all  other  ranges,  the  time  of  arrival  of  light  at  the  sensor  will  occur  during  the  closed  period  of 
the  gate.  Clearly,  by  narrowing  both  the  illuminator  pulse  and  the  gating  pulse  we  oan  reduce  this  range 
of  backnoatter  and  so  Improve  the  object  to  baokgro'-md  contrast. 

An  analysis  which  considers  primary  scattering  only  leads  to  the  following  results  (Youngs  B.O.B., 

1 975) . 


The  light  reflected  by  the  target  Itself  will  give  it  an  apparent  radiance  given  byt 


PRP 


p(t) .dt 


where  PRF 
P 
w 
b 
L 
T 


pulse  repetition  frequency 
target  reflectance 
solid  angle  of  Illuminator  beam 
atmospheric  scattering  coefficient 
target  range 

time  for  a complete  Illuminator 


Thd  functions  g(t)  and  p(t)  represent  the  form  of  the  gating  and  Illuminator  pulses  respectively. 
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A useful  simplification  of  this  result  oan  be  obtained  by  assuming  a rectangular  gate  profile  of 
length  equal  to  the  output  pulse.  In  this  case  g(t  2l/c)  = 1 for  the  range  of  the  integral  for  which 
p(t)  / 0 and  since  the  mean  Illuminator  power  ^ ^ rT  we  have 

J o 
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Note  that  this  expression  does  not  Include  light  whloh  is  backscattered  from  the  atmosphere  lying  In 
front  of  the  target.  This  light  will  be  Included  in  the  target  radiance  aa  perceived  by  the  system.  To 
calculate  the  contrast  of  the  target  against  its  background  we  must  now  state  the  equations  for  backscatter. 
In  this  context  the  term  'background'  will  generally  be  used  to  mean  'atmospheric  background',  that  la 
the  background  radiance  will  be  considered  to  arise  from  light  soattered  from  hate  particles  etu.  The 
problem  of  a solid  background  such  as  rook  or  vegetation  oan  be  treated  as  for  the  target. 


(Youngs  B.G.D.  1975)  derives  the  following  expression  for  the  effective  perceived  radiance  of  a 
particular  space-time  xmglon  of  the  scattering  atmospherei 

bG  PRF 


4t 


p(t) 


♦8  (t 


dr.dt 
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Th«  limit*  cf  the  lnt«grala  have  been  left  In  a general  form  aa  theao  have  to  be  ohoaen  according  to 
the  particular  oaae  vhloh  la  to  be  calculated.  Note  that  the  time  llmita  are  within  one  oyole.  It  will 
be  olear  that  It  la  now  neoeaaary  to  Integrate  over  rang*  aa  well  aa  time  alnoe  the  aoatterlng  atmoajdier* 
extenda  In  depth. 


By  making  the  olmpllfylng  aasumptlon  that  the  gate  profile  la  reotangular  we  oan  aeparate  the 
integrala  and  write t 


N.  . aim. 

2 4i«u 


r*B  r B2  (x.)  Bp  (xJI  _ 

I p(.)  ^ ^ « © 

'•a  L * ’ J 


where  B2  la  the  uaual  notation  for  an  exponential  integral  of  order  2,  and  x^  •«  2brj^,  Xg  - 2brj. 

By  ualng  appropriate  time  and  apaoe  11ml to  in  thia  expreaalon  w*  oan  calculate t 

(a)  the  entire  atmoai^erlo  backacattered  radiance  which  la  perceived  by  the  aenaor  aa  'background* 

(b)  the  baokaoattered  radlanoe  which  oontributea  to  the  apparent  radiance  of  the  target  and  hence 
(0)  the  target  to  background  contraat 


Thla  theoretical  treatment  haa  been  uaed  to  compute  the  way  in  whloh  the  apparent  contraat  of  an 
object  varlea  with  Ita  position  In  the  'range  gate*  tthe  shaded  region  In  Figure  2),  In  general  the 
position  of  maximum  postlve  contraat  Is  found,  aa  mlid^t  be  antiolpated,  aomewher*  near  the  oentre  of  the 
range  gate,  but  for  high  valuea  of  scattering  coefficient  this  position  shifts  towards  shorter  ranges. 


One  interesting  and,  by  now,  well  known  result  of  this  technique  ooours  when  the  target  la  wholly  In 
front  of  the  shaded  space  time  region  so  that  It  will  appear  to  have  sero  radiance.  The  background  will 
oonslat  of  the  complete  backscatter  from  the  shaded  region  so  that  the  object  will  appear  as  a dark 
silhouette  of  contraat  -1.  If  the  range  now  Inoreaaes,  the  object  will  disappear  momentarily  from  view  aa 
it  enters  the  tip  of  the  shaded  region  since  Its  contrast  will  pass  through  sero.  Behind  the  range  gate 
the  object  will,  of  course,  be  invisible. 


If  the  time  delay  between  the  Illuminator  pulse  and  gate  is  Increased  so  that  the  range  gate  follows 
a receding  object,  It  can  be  showii  that  the  apparent  contrast  will  slowly  Increase  to  a maximum  at  Infinite 
range.  The  value  of  this  maximum  will  depend  upon  object  reflectance,  scattering  ooefflolent  and  the 
gating  condition. 


Contrast  under  natural  Illumination  alone  almost  invariably  decreases  with  increasing  range  and 
aoatterlng  coefficient.  Thus  there  will  always  be  some  range  at  which  the  pulsed  illuminator  ayetem  oan 
Improve  contrast.  Cnfortimately,  contrast  is  only  one  of  the  parameters  whloh  determine  the  usefulness 
of  the  displayed  Image  of  an  electro-optical  sensor.  As  range  and/or  atmospherio  attenuation  increase, 
the  absolute  values  of  the  effective  radiances  decrease  drastically  as  oan  be  seen  from  equations  4 and  6. 
Thus  the  actual  signal  levels  obtainable  from  the  sensor  will  also  decrease  and  the  problem  will  event- 
ually revert  back  to  the  question  of  photor  noire. 


5.  OUTSTANDING  PROBLEMS 

Although  the  techniques  mentioned  have  already  achieved  some  success  In  overcoming  the  difficulties 
of  night  vision  Imposed  by  the  properties  of  the  etmosj^ere,  many  problems  remain.  Indeed,  In  some  cases 
new  problems  have  arisen  out  of  the  toohnlquea  themselves. 


In  the  case  of  pulsed  illuminators.  It  will  be  appreciated  that  In  many  oases  high-power  lasers  are 
employed  for  this  work.  But  this  brings  with  It  the  dangerous  possibility  of  severe  eye  damage  for  any 
person  Irradiated  by  suob  a beam  at  short  range.  Vhether  this  Is  acceptable  in  war  Is  perhaps  debatable 
but  it  constitutes  a serious  drawback  perhaps  for  peaceful  application  or  in  a 'cold  war’  situation. 

The  spectral  content  of  an  artificial  Illuminator  would  normally  bo  chosen  to  match  the  response  of 
the  photocathode  of  the  sensor,  although  It  must  be  remembered  that  scene  parameters  also  have  an 
Influence  on  this  choice.  For  example,  the  reflectivities  of  many  man-made  objects  are  similar  to  that  of 
natural  vegetation  over  most  of  the  visible  spootrum  but  in  the  near  infra-red  the  reflectivity  of 
vegetation  rises  considerably  and  provides  a good  contrast  with  man-made  objects.  Unfortunately,  beyond 
there  are  at  present  no  suitable  photocathodes  of  high  sensitvlty.  Considerable  interest  is  being  shown 
in  new  photooathode  materials  based  on  gallium  arsenide.  These  are  likely  to  have  improved  infra-red 
responses  which  woiild  e 'Me  more  efficient  use  to  be  made  of  natual  night  radiation,  in  addition  to  the 
possibility  of  a Nd-YAG  laser  ( 1 .06p)  as  an  illuminator. 


6.  tnKWnWT.KPGEWEllTa 

The  author  wishes  to  thank  the  Directors  of  Marooni-Elliott  Avionic  Systems  Limited  for  permission  to 
permission  to  publish  this  paper. 


7.  REFEREHCB3 

Rose,  A.,  1948,  'The  sensitivity  performance  of  the  human  eye  on  an  absolute  scale'  J.O.S.A.  Vol.  38  No, 2 


Lawrenoe,  R.S.  and  Strohbehn,  J.W.,  1970,  'A  survey  of  olear-alr  propagation  effects  relevant  to 
optical  communications'.  Froc.  I.E.E.E.  Vol.  58  No.  10. 


Clark,  V.J.R.,  1975,  'Some  aspects  of  signal  processing  for  LLTT  systems', 
Conference  on  Low  Light  and  Thermal  Imaging  Systems. 


I.E.E. 


International 


44-1 


USING  LIDAR  FOR  MEASURING  VISIBILITY 


Or.  JaiMB  F.  Rugar 
ELTRO  GMBH 

6900  KBidalburg  / BRD 


SUMMARY 


Tha  parformonca  o2  a slant  visibility  aqulpmant  and  tha  data  procasslng  tachnJquas  usad 
ara  dascrlbad  herein.  Special  attention  Is  given  to  the  correlation  data  which  compares 
the  accuracy  of  tha  slant  visibility  system  to  that  of  a recognised  transmlsslometar. 

Approximately  600  slant  visibility  readings  ware  compared  with  the  transmlsslomatar- 
vlslblllty  data  at  threa  different  airports  In  order  to  obtain  the  correlation  function. 

Tho  results  show  that  the  slant  visibility  readings  although  conslstantly  higher  than 
the  transmlaslometer-vlslblllty  readings  the  factor  Is  always  approximately  two.  There- 
fore the  correlation  factor  Is  a constant  and  the  visibility  date  plots  of  the  two 
systems  lie  exactly  parallel  one  another.  Considering  this  parallel  shift  It  can 
readily  be  said  that  the  two  systems  show  very  good  agreement  In  visibility  data. 

The  use  of  the  LIDAR  technique  In  a SVR  (Slant  Visual  Range)  system  which  would 
supplement  the  RVR  (Runway  Visual  Range)  systems  at  airports  may  very  wall  become  a near 
future  application  especially  when  reliable  eye-safe  lasers  are  available  at  a 
reasonable  price. 


1 . INTRODUCTION 

The  visibility  at  various  heights  as  well  as  alom.  slant  path  Is  of  special 
Interest  for  meteorologists  and  flight-safety  personal.  ' r aircraft  landing  operations 
the  visibility  along  the  "Landing  Glide  Rath*  Is  of  special  Importance. 

Research  and  development  In  tha  pulse-laser  field  has  shown  that  a laser-radar  method 
called  Ildar  probes  the  atmosphere  such  that  the  bade  scatter  signal  Is  uiaracterisad 
by  the  aerosol  particles  along  the  laser  beam  path  and  Is  referred  to  as  the  Ildar 
signature . 

If  the  atmosphere  along  the  beam  path  Is  assumed  to  be  homogeneous  - or  at  least  con- 
sisting of  homogeneous  Intervals  - the  badescatter  coefficient  remains  constant  within 
these  Intervals  and  the  descending  curve  of  the  Ildar  signature  Is  caused  by  the  pro- 
duct of  extinction  and  reciprocal  squared  distance.  Since  the  visibility  Is  Inversely 
proportional  to  the  extinction  coefficient,  the  former  can  be  obtained  via  a careful 
analysis  of  the  Ildar  signature. 

The  Ildar  principle  has  a significant  feature  In  that  It  Is  a single  ended  system  and 
can  be  aimed  In  any  slant  direction.  Thus  the  system  is  often  referred  to  as  a "Slant 
Visibility  Measurement  System*. 

The  purpose  of  our  Investigation  was  to  find  an  automatic  processing  and  display  method 
which  had  a high  data  evaluation  accuracy  for  determining  the  visibility  In  a homo- 
geneous atmosphere  which  could  be  expanded  for  evaluation  of  an  Inhomogeneous 
atmosphere.  Such  a system  was  analysed  and  built  as  an  experimental  model. 

Although  this  model  utilises  a ruby  laser  and  can  possibly  be  a hasard  to  the  eye  /7/ 
further  developments  In  the  field  of  eye-safe- lasers  /5/  show  that  an  erbium  glass 
laser  having  the  same  power  and  pulse  width  of  our  ruby  laser  Is  completely  eye  safe. 


2.  Theoretical  P.Tlnclpals 

The  theory  of  visibility  measurement  using  Ildar  has  been  dealt  with  by  various 
authors  /!/.  /2/,  /4/.  As  a matter  of  Information  the  most  Important  equations  are 
listed  belowt 

The  common  Ildar  equation  Is  given  ast 

R 

P • K,  • B'(k)  - 2 / o(R)  • dR 

P^(R)  - i-T • e o (1) 

^ 8itK^ 

Pj.(R)  ■ received  power  (watt) 

P^  > transmitted  power 

■ constant  Incorporating  optical  parameters,  light  velocity,  pulse  width  etc. 
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p 


! 


B' (R)  " voluiM  backscattsr  coafflciant  at  a diatanca  R (m~^) 

R “ ona  way  panatratlon  of  tha  atmoaphara 
0 (R)  " axtlnctlon  coafflciant  at  tha  diatanca  R(m"^) 

If  a homovanaoua  aaroaol  dlatrlbutlon  la  conaldarad  than  tha  axtlnctlon  coafflciant  la 
Indapandant  of  diatanca  such  that 

B'(R)  > constant  - K2  (2) 

and  0 (R)  la  Inversely  proportional  to  tha  mataorologlcal  visibility  In  accordanca  to  tha 
aquation 


a 


(3) 


“ matareologlcal  visibility 


If  aquation  (2)  and  (3)  are  substituted  Into  equation  (1)  the  following  rasultsi 

- 7,624 


• R 


2 ^t  • ^1  • ^2 
p^(R)  . r2  1 


(4) 


In  order  to  solve  equation  (4)  tor  the  logarithm  of  both  aides  Is  takent 

in 

In  |r^(R).r2]  - • « 

and  equation  (5)  Is  differentiated  In  respect  to  r yielding 

|_lnPr<R)  • 7.624 

d 

m 


(5) 


(6) 


As  can  be  seen  In  equation  (6)  the  risibility  solution  is  independent  of  system  para- 
meters and  transmitter  power  providing  that  the  Ildar  signature  is  large  enough  to  be 
analysed. 


As  mentioned  previously  a homogeneous  atmosphere  had  been  asrumed  so  that  the  visibility 
along  the  measurement  path  is  constant.  This  means  that  the  left  side  of  equation  (6) 
depicts  a line  of  constant  slope.  Therefore  AR  can  be  substituted  for  dr  In  the  above 
equation  an'^solvlng  for  V yields  1 


V 


m 


7,624 


(7) 


If  the  term  in  the  brackets  of  the  dejiominator  ot  equation  (7)  Is  plotted  as  a function 
of  the  penetration  K then  a straight  line  of  negative  slope  Is  obtained.  The  product 
of  this  slope  value  with  -7.824  gives  the  visibility. 


This  theoretical  approach  Is  valid  for  a homogeneous  atmosphere.  However,  the  degree  of 
Inhomogeneity  which  Is  to  be  encountered  along  landing  glide  paths  can  he  averaged  by 
applying  a least-msans-square-flt  to  the  term  in  brackets  in  equation  (7)  thus  obtaining 
an  average  visibility  value.  This  approach  can  be  applied  with  success  for  lemulng  glide 
paths  since  the  approach  angle  Is  only  in  the  order  of  3 to  5 degrees. 


3.  Slant  Visibility  bqulpment 


The  slant  visibility  equipment  (see  tig.  1)  consists  of  two  main  units 

a)  transmltter/recelver 

b)  processing  electronics  with  program  logic 

The  transmitter/ receiver  unit  houses  the  laser,  the  receiver  optics,  photomultiplier 
with  spectral  filter  and  preamp,  (see  Fig.  2). 


Tha  processing  electronics/progreim  logic  unit  (see  Fig.  3)  encorporates  the  log  amplifier 
A/D  convertor,  memory,  clock  pulse  generator,  program  logic,  tai'e  pui.cher  with  Interface. 

3.1  Transmitter/Receiver 


j’he  ruby  laser  with  Galilei  telescope  has  a divergence  of  0.5  mrad  and  a pulse 
repltltion  of  6 per  minute.  A Cassegrain  objective  system  having  eui  F.O.V.  of  0.9  n.rad 
comprises  the  receiver  optics,  by  means  of  a lens  of  focal  length  being  100  mri  the  light 
rays  are  directed  to  the  cathode  of  the  photomultiplier.  A spectral  filter  of  9 A band- 
width restricts  the  detector  to  light  within  the  ruby  wavelength. 
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3.2  VtocMSBlnsj  Klactronlnj 

A block  diagram  of  tba  procaaslng  •lactronics  iua  logic  la  shown  In  Fig. 3. 

Slnca  laaar  beam  propagates  with  the  velocity  or  '.jgh.:  the  time  Interval  between  the 
A-trlgger  and  each  Instant  time  of  the  backscatte . slg  lal  Is  directly  proportional  to 
the  oenetratlon  distance.  Therefore  the  100  ns  ..nt'jrvali^  used  for  A/D  conversion 
correspond  to  15  meter  penetration  stepa.  The  backscatter  signal  for  a penetration  depth 
maximum  of  2055  moters  la  stored.  The  memory  has  a cap'acity  for  storing  ti  Ildar 
signatures  before  It  Is  automatically  read  out  with  the  tape  puncher. 

In  order  to  calculate  the  visibility  from  the  backscatter  signals  the  tape  Is  fed  Into 
a computer  having  a prestored  program.  In  addition  to  calculating  the  visibility  the 
function 

In  [p^(R)  • versus  K 

Is  automatically  plotted  at  the  terminal.  If  the  slope  Is  continuous  and  approximates 
a straight  line  it  la  certain  that  the  atmosphere  was  homogeneous. 

Deviations  from  a straight  line  are  caused  by  inhomogeneous  aerosol  distributions. 


In  order  to  obtain  the  average  visibility  in  the  latter  case  a least-means-square-f It 
/3/  Is  applied  as  In  equation  (8) . 


8 


n n n 

1-1 1-1 1-1 


1-1 


n 

1-1-^ 


2 


d - matched  slope 

X.  - Instantaneous  penetration  distance 

i.  2 

- corresponding  instantaneous  value  for  In  Pj^(R)*R 
n - number  of  values  used 


After  the  computer  calculates  equation  (8)  It  goes  on  to  equation  (9) 


(8) 


V - - 7 >824 

m 0 


(9) 


to  determine  visibility. 

4.  Results  and  Analysis 

2 

Fig.  4 shows  a typical  plot  of  the  function  Log  P (R) -R  versus  R as  obtained  at 
the  computer  terminal.  The  y-axls  which  gives  the  amplitude  of  the  function  starts  at 
an  origin  value  of  13  and  continues  In  Increments  of  .05.  The  x-axls  Is  scaled  In  meters. 
The  y-axls  was  expanded  In  order  to  make  amplitude  deviations  from  that  of  a straight 
line  more  notlcable.  In  order  to  determine  the  average  slope  of  the  curve  as  In  Fig.  4 
the  computer  applies  a least-means-square-flt  as  In  equation  (8)  and  calculates  the 
visibility  in  accordance  with  equation  (9) . 

Visibility  comparison  measurements  were  conducted  at  three  different  airports  using  the 
Eltro  transmlssometer  type  TFiM  ISO  D for  comparison.  Fig.  5 shows  the  comparison  of  this 
data  as  plotted  at  the  computer  terminal.  The  visibility  data  obtained  via  Ildar  is 
plotted  along  the  y-axls  as  a function  of  the  tramsmlssometer-vlslblllty  data  of  the 
x-axls. 

A Straight  line  is  drawn  from  the  origin  having  Identical  visibility  values  for  both 
systems.  Should  all  measured  data  lie  on  this  line  then  the  correlation  of  the  two 
systems  would  be  perfect.  As  can  be  seen  most  of  the  Ildar  data  results  In  higher  visi- 
bility values. 

Fig.  5 only  gives  an  Indication  of  min  and  max  vav...es  obtained  with  the  Ildar  system  for 
a particular  transmlssometer  value  since  only  one  point  for  a particular  value  Is 
plott-  i regardless  how  many  comparisons  show  this  value. 

For  this  reason  an  average  Is  taken  of  all  the  Ildar  results  pertaining  to  a specific 
transmlssometer  value  and  this  Is  plotted  In  Fig.  6.  As  can  be  seen  the  Ildar  values  lie 
a factor  2 hlgner  than  the  corresponding  transmlssometer-vlslbillty  values  and  that  this 
correlation  factor  of  2 remains  constant  Independent  of  visibility.  In  consideration  of 
this  aspect  It  can  surely  be  said  that  the  correlation  Is  rather  good. 


'ir 


/!/  Borchhardtf  H.  / Kbssler,  J. 

Brfahrungen  und  Uberlagungen  n\lt  LIOAR  am  Meteorologlschen  Observatorlum  Aachen « 
Berlcht  daa  Oeutschen  Watterolenstes  Nr.  125«  Offenbach  a.M.,  1971 

/2/  Collla,  R.T.H.  / Vleiae,  W.  / Uthe.  / Oblanaa.  J. 

VlBiblllty  Mfeasurement  for  Aircraft  Landing  Operations 
Stanford  Research  Inst..  Menlo  Rarh.  California 
September  30,  1970 

/3/  Gellert  / Dr.  KUstner  / Dr.  Hellwich  / KSstner 
ivleine  Lnsyklop'ddie  Hathamatik 
Pfalz  Verlag,  Basel,  1967,  Saite  637 

/4/  ur.  Lang,  in, 

Untersuchungen  Uber  die  Anwendungsmdglichkaiten  eines  Xiasers  fUr  Schrdgsichtmbssungen 
Eltro-Bericht,  Heidelberg,  30.  Juni  1969 

/S/  Lund,  D.  / Landers,  M.D.  / Brosnick,  U.H.  / Powell,  J.O.  / Chaster,  J.E,  / Carver,  C. 
Ocular  Hazarus  of  the  0-Switc)ied  Erbium  Laser 
Frankford  Arsenal,  Philadelphia,  Pa.,  March  20,  1970 

/6/  Viezee,  W.  / Oblanas,  J.  / Collis,  K.T.H. 

Evaluation  of  the  Lidar  Technique  of  Determining  Slant  Range  Visibility  for 
Aircraft  Landing  Operations 

Stanford  Research  Inst.,  Menlo  Park,  California 
November  1973 

/;/  Wyman,  P.W. 

Laser  Radar  Eye  Hazard  Considerations 

Applied  Optica,  Vol,  8,  No.  2,  Fg,  383-392,  February  1969 


Distance  greater  than  -156  mm 

Fig.2  Transmitter/receiver 
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Fig.  3 Processing  electronics/program  logic 


Comparison  Interval:  ISO  to  660  meters 

Transmis some ter  Visibility  Value:  2^00  meters 
Lidar  Visibility  Value:  4140  meters 

p 

-coordinate:  Log  P(R)*E  .05  intervals  origin 
-coordinate:  R in  meters 


The  curve  shows  the  visibility  values  obtained  from  the 
Lidar  system  and  compared  to  those  obtained  from  the 
Transmissometer  system  for  a penetration  of  I50  "to  4-50  meters 

y-coordinate : Lidar  Visibility  Values 
x-coordinate : Transmissometer  Visibility  Values 
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Fig.  5 Comparison  transmissometer/lidar 


The  curve  shows  the  visibility  values  obtained  from  the 
Lidar  system  and  compared  to  those  obtained  from  the_ 
Transmissometer  system  for  a penetration  of  150  to  450  meters 

y-coordinate ; Lidar  Visibility  Values 
x-coordinate ; Transmissometer  Visibility  Values 


Fig.6  Average  value  comparison  transmissometer/lidar 
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THE  INFLUENCE  OF  THE  ATMOSPHERE  BETWEEN  HELICOPTERS  AND  GROUND- 
TARGETS  ON  THE  DOWNWARD  AND  UPWARD  VISIBILITY 


H.-E.  Hoffmann 

DEUTSCHE  FORSCHUN6S-  UND  VERSUCHSANSTALT  FOR  LUFT-  UND  RAUMFAHRT  E.  V. 

DFVLR  - Institut  fUr  Physik  der  Atmosphtlre 
8031  Oberpfaffenhofen  / Germany 


SUMMARY 


During  some  preliminary  tests  about  the  visibility  air- ' o-ground  and  ground-to-air 
in  autumn  1974,  the  maximum  detection  range  and  the  maximum  recognition  range  were  deter- 
mined. A tank  Leopard,  a 1,5  t military  truck  and  a special  test  board  were  observed  from 
air  to  gn  und.  The  aircraft  were  a Bell  UH  ID  helicopter  and  a Dornier  Do  27.  The  experi- 
ments tool,  place  only  at  standard  visibilities  between  36  and  57  km.  - The  maximum  detection 
range  ground-to-air  was  between  6 and  12  km  larger  than  the  maximum  detection  range  air- 
to-ground.  For  the  maximum  detection  range  ground-to-air  values  between  9 and  16  km  were 
reached  and  for  the  maximum  detection  range  air-to-ground  they  were  between  2 and  4 km.  The 
maximum  recognition  range  air-to-ground  was  up  to  2 km  smaller  than  the  maximum  detection 
range.  The  maximum  detection  range  for  observations  of  a special  test  board  - which  in 
about  corresponded  with  Nato  test  boards  - was  smaller  than  that  for  observations  of  the 
1,5  t military  truck.  The  maximum  recognition  ranges,  however,  determined  at  observations 
of  the  test  board  and  of  the  1,5  t military  truck  did  not  differentiate  significantly  from 
each  other. 

1 . INTRODUCTION 


During  a rather  big  program  of  experiments  in  autumn  1974  in  Northern  Germany  some 
preliminary  tests  were  conducted  in  order  to  answer  the  question: 

Who  can  see  whom  first,  the  observer  in  the  helicopter  the  tank  or  the  observer  in 
the  tank  the  helicopter? 

As  the  time  available  for  these  preliminary  tests  was  very  short,  the  experiment 
took  place  under  mainly  idealized  conditions  for  observations  air-to-ground  and  ground-to- 
air  in  order  to  get  some  concrete  answers.  Idealized  means  that  aircraft  and  ground  vehicle 
did  not  conduct  in  a military-tactically  correct  manner  and  that  the  meteorological  condi- 
tions for  experiments  were  favorable.  In  detail  this  means; 

(a)  The  observer  was  familiar  with  the  direction  and  time  of  the  approaching 
aircraft 

(b)  Altitude  and  direction  of  the  aircraft  remained  constant  during  an  approach 

(c)  The  altitude  of  the  approaching  aircraft  was  between  200  and  300  m 

(d)  The  helicopter  (a  Bell  UH  ID)  resp.  the  airplane  (a  Dornier  Do  27)  approached 
from  distances  between  15  and  40  km 

(e)  The  helicopter  resp.  the  airplane  approached  in  front  of  sky  background 

(f)  The  tank  (a  Leopard)  resp.  the  1,5  t military  truck  were  standing  on  a meadow 

without  any  camouflage 

(g)  Theobservers  in  the  helicopter  resp.  in  the  airplane  were  familiar  with  the 
position  of  the  ground  targets  and  this  remained  unchanged  during  the  whole 
test  series  subsequently  discussed 

(h)  The  tests  were  only  conducted  at  daylight  brightness 
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(i)  For  the  horizontal  standard  visibility  values  between  36  and  57  km  were  ob- 
tained 

It  never  rained  during  the  tests  and  the  air  temperature  was  between  +5  and  +20° 

Celsius . 


In  order  to  find  an  answer  to  the  above  mentioned  question,  who  can  see  whom  first 
resp.  how  is  the  difference  between  the  visibility  ground-to-air  and  the  visiblity  air-to- 
ground,  the  maximum  detection  range  and  the  maximum  recognition  range  were  used.  The  maxi- 
mum detection  range  is  the  distance  in  which  the  observer  in  the  approaching  helicopter  is 
just  able  to  perceive  the  ground  object  resp.  in  which  the  ground  observer  is  just  able 
to  perceive  the  approaching  aircraft.  In  a distance  corresponding  to  the  maximum  detection 
range,  an  observer  can  only  determine  that  something  is  located  there.  He  cannot  yet  speci- 
fy the  observed  object  i.e.  he  cannot  yet  recognize  or  identify  it.  In  a distance,  however, 
which  at  least  equals  the  maximum  recognition  range,  details  about  the  observed  object  can 
be  differentiated. 

To  contrast  the  maximum  detection  ranges  air-to-ground  with  ground-to-air,  obser- 
vation results  of  only  one  approach  or  one  test  period  were  compared  with  each  other  This 
guaranteed  that  the  observation  results  used  for  comparing  were  determined  at  almost  the 
same  test  conditions. 

Due  to  little  changes  of  the  horizontal  standard  visiLility  (about  20  km)  during 
each  test  period,  quite  unexpected  no  information  from  the  below  shown  test  results  have 
been  got,  how  the  maximum  detection  range  and  the  maximum  recognition  range  air-to-ground 
resp.  ground-to-air  change  in  dependence  on  the  horizontal  standard  visibility.  The  same  is 
of  course  valid  for  the  differences  between  the  maximum  detection  ranges  air-to-ground  and 
ground-torair . 

Detailed  Informations  about  the  maximum  detection  range  at  observations  of  aircraft 
from  the  ground  can  be  taken  from  the  reports  (SEYB,  E.K.  1966  and  1967;  HOFFMANN,  H.-E. 
1966  and  1974;  HOFFMANN,  H.-E.,  BUELL,  R.H.  1974). 

Following,  also  some  results  are  shown  concerning  the  maximum  recognition  range 
which,  however,  only  could  be  determined  during  observations  air-to-ground.  Likewise  at  ob- 
servations air-to-ground  the  maximum  detection  range  and  the  maximum  recognition  range  were 
determined  using  a special  test  board. 


2.  TEST  DESCRIPTION 


2.1  The  observed  aircraft 

For  determination  of  the  maximum  detection  range  ground-to-air  an  airplane  of  the 
type  Dornier  Do  27  and  a helicopter  of  the  type  Bell  UH  ID  were  available  (see  Fig.  1 and 
2),  Both  aircraft  were  dark-green  so  that  their  contrast  against  the  sky  background  was 


negative. 

- L^ 
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The  inherent  contrast  was  approximately  0,90.  One  side  door  of  the  helicopter  had 
been  removed  so  that  special  observers  in  the  helicopter  could  not  be  impeded  by  a too 
narrow  field  of  view  or  by  the  window-glass. 

2.2  The  observed  ground  objects 

The  ground  target  to  be  detected  resp.  recognized  from  the  aircraft  were  a tank 
Leopard  or  a 1,5  t military  truck  of  the  Bundeswehr.  The  longitudinal  axis  of  the  tank  Leo- 
pard showed  in  the  direction  from  which  the  aircraft  was  approaching  (see.  Fig.  3).  The 
1,5  t military  truck  was  standing  in  a manner  that  either  its  longitudinal  axis  had  the 
same  direction  as  the  approaching  aircraft  or  that  this  axis  was  traverse.  For  the  obser- 
vers in  the  aircraft  was  a meadow  the  background  of  the  two  ground  targets.  The  biggest 
part  of  the  vehicles  visible  to  the  observers  had  a negative  corltrast  i.e.  the  vehicles 
too  appeared  dark  against  their  background. 

In  order  to  find  out  how  the  maximum  detection  range  resp.  the  maximum  recognition 
range  at  observations  of  the  military  vehicle  corresponded  with  those  received  at  observa- 
tions of  a so-called  Nato-test,  during  some  approaches  two  special  test  boards  were  ob- 
served. The  test  board  for  detection  was  a disk  with  a diameter  of  2,3  m with  four  grey- 

white  pairs  of  lines  on  it  (line  width  » 28,7  cm)  (see  Fig.  4).  The  test  board  for  recogni- 

tion had  7 grey-white  pairs  of  lines  (line  width  = 16,4  cm).  The  inherent  contrast  between 
the  grey  and  the  white  lines  of  the  test  boards  for  the  maximum  detection  range  and  the 
maximum  recognition  range  was  about  501. 

2.3  The  course  of  the  tests 


The  area  of  the  ground  targets  (see  Fig.  5)  was  approached  by  the  aircraft  in  alti- 
tudes between  200  and  300  m from  eastern  direction  in  distances  in  which  the  objects  to  be 


45-3 


detected  could  not  be  seen  any  more.  It  was  the  task  of  the  observers  to  advise  the  moment 
in  which  they  could  just  see  the  targets  to  be  detected  (UH  ID,  Do  27,  tank  Leopard,  1,5  t 
military  truck)  resp.  in  which  they  could  just  recognize  the  target  (1,5  t military  truck). 
During  observation  of  the  test  board,  the  grey-whi*e  pairs  of  lines  had  to  be  resolved. 

The  pilots  by  means  of  their  instrument  panel  and  their  flying  direction  knew  quite 
exactly  the  position  of  the  test  area,  so  that  the  sector  they  had  to  search  over  was  very 
small  (about  10°).  The  special  observers  In  the  helicopter,  however,  had  to  search  within 
a sector  of  30-40°.  During  their  observations  the  helicopter  was  hovering  and  its  axis  was 
traverse  to  the  direction  of  approach. 

2.4  The  observers 

The  observers  during  these  tests  were  15  soldiers  of  an  anti-aircraft  defence  bat- 
talion of  the  Bundeswehr.  7 of  them  were  special  observers  in  the  helicopter  UH  ID,  the 
others  were  employed  as  observers  ground-to-air.  The  soldiers  whose  observation  values  were 
used  as  well  as  the  pilots  of  the  Do  27  and  the  helicopter  had  normal  visual  acuity. 

2.5  Measurement  of  the  distance  ground  object  - aircraft 

For  determination  of  the  distance  ground  target-aircraft  a mobile  3 cm-radar  set 
was  available.  During  the  approaches  the  slant  distance  was  measured  continually  and  was 
registered  in  intervals  of  one  second. 

2.6  The  determination  of  the  horizontal  standard  visibility 

The  horizontal  standard  visibility  was  determined  by  means  of  an  integrating  nephe- 
lometer  and  by  contrast  measurements  of  natural  and  artificial  targets.  To  describe  the 
test  conditions  of  the  results  in  the  following  chapter,  values  for  the  horizontal  standard 
visibility  have  beeen  applied,  received  by  contrast  measurements  of  natural  targets  (edges 
of  woods)  (HOFFMANN,  H.-E.,  1967  and  1971).  In  most  cases  the  values  thus  received  for  the 
horizontal  standard  visibility  at  ground  level  were  valid  too  for  the  slant  standard  visi- 
bility helicopter  (resp.  airplane)-to-ground  target,  this  due  to  the  fact  that  approaches 
took  place  in  low  altitudes  and  that  the  atmosphere  with  regard  to  the  degree  of  its  turbi- 
dity up  to  the  flying  altitude  appeared  vertically  homogeneous. 

2.7  The  determination  of  the  slant  standard  visibility 

At  larger  altitudes  and  (or)  vertical  inhomogeneities  of  the  atmosphere,  the  hori- 
zontal standard  visibility  at  ground  level  is  no  sufficient  measurement  for  the  degree  of 
the  atmospheric  turbidity  in  slant  directions.  For  fundamental  researches  being  conducted 
to  clarify  in  which  relation  is  the  slant  standard  visibility  - at  different  elevation 
angles,  at  different  altitudes,  at  different  meteorological  conditions  - with  the  horizon- 
tal standard  visibility  at  ground  level,  it  has  been  tried  to  get  also  values  for  the  slant 
standard  visibility.  For  this  purpose  the  test  board  was  photographed  from  different  distan- 
ces during  several  approaches  of  the  helicopter.  Tests  are  made  to  conclude  values  for  the 
slant  standard  visibility  by  means  of  the  density  curve  of  the  used  films  and  by  means  of 
a microphotometer. 


3.  TEST  RESULTS 


Informations  about  registration  and  processing  of  observation  values  and  measure- 
ment values  can  be  taken  from  the  reports  (HOFFMANN,  H.-E.,  BUELL,  R.H.,  1974). 

In  Figures  8-13  the  values  for  the  horizontal  standard  visibility  V.  result  from 
weighted  means  and  cubic  interpolation  of  contrast  measurements  at  different  natural  tar- 
gets. The  values  for  the  maximum  detection  ranges  D^,  and  the  maximum  recognition  ranges  R,„ 
(showed  by  lines  parallel  with  the  abscissa)  are  arithmetic  mean  values  of  various  single 
values.  The  hatched  region  with  the  mean  value  symmetrically  arranged  around  indicates  the 
confidence  region  belonging  to  this  mean  value,  i.e.  here  the  region  in  which  the  mean 
value,  basing  on  a normal  distribution  for  the  single  values  of  obsepation,  can  be  expected 
at  a probability  of  951.  In  case,  a confidence  region  is  missing,  this  means,  that  the 
single  values  for  the  corresponding  mean  values  have  been  got  during  a discontinuous 
approach  of  the  helicopter  Bell  UH  ID  and  that  all  special  observers  in  the  helicopter  have 
detected  resp.  recognized  the  object  at  the  same  traverse  position  of  the  helicopter.  This 
means  that  the  confidence  region  in  this  case  equals  zero.  The  number  of  single  values 
appears  in  parentheses  above  their  mean  value  resp.  their  confidence  region.  On  top  of  the 
parentheses  it  is  shown  which  object  has  been  observed. 

In  Figures  8-13  the  maximum  detection  range  D„  and  the  maximum  recognition  range  Rj, 
during  observations  air-to-ground  have  been  confronted  with  the  Maximum  detection  range  Dg, 
during  observations  ground-to-air.  The  test  results  of  each  Figure  have  been  received  only 
during  one  day  and  during  one  test  period  i.e.  observations  took  place  at  the  same  day  and 
therefore  at  nearly  the  same  conditions. 


During  the  tests  mentioned  in  the  report,  the  horizontal  standard  visibility  only 
changed  insignificantly.  The  tests  were  conducted  at  horizontal  standard  visibilities  be- 
tween 36  and  57  km.  Figures  6 and  7 show,  how  the  maximum  detection  range  changes  in  depen- 
dence on  the  horizontal  standard  visibility;  they  are  taken  out  of  reports  by  SEYB,  E.K., 
1966  and  HOFFMANN,  H.-E.,  1974.  With  regard  to  the  curve  "naked  eye"  in  Fig.  7,  it  should 


"IN.**  « 


45-4 


be  remarked  that  only  few  values  for  the  maximum  detection  range  at  large  horizontal  stan- 
dard visibilities  were  available  for  the  calculation  of  this  curve.  Later  tests  conducted 
rt  large  horizontal  standard  visibilities  have  shown  that  larger  horizontal  standard  visi- 
Dilities  are  to  be  associated  with  larger  values  for  the  maximum  detection  range.  Therefore 
at  larger  horizontal  standard  visibilities  the  curve  must  have  a larger  distance  from  the 
abscissa. 

3.1  The  maximum  detection  range  air-to-ground  and  gi'ound-to-air 

For  the  tests,  results  of  which  are  shown  in  Figures  8 and  9,  a tank  Leopard  or  a 
1,5  t military  truck  were  used.  The  observations  air-to-ground  were  performed  by  the  pilot 
resp.  the  co-pilot  or  the  special  observers  in  the  helicopter.  From  the  aircraft  observa- 
tions were  made  with  naked  eye  that  means  without  field  glasses  or  telescope.  Observations 
ground-to-air  took  place  '.,lth  naked  eye  or  with  10x50  field  glasses  unsupported  used.  During 
all  tests  in  Figures  8 and  9 the  horizontal  standard  visibility  only  changed  insignificantly 
between  53  and  57  km. 

The  main  results  of  Figures  8 and  9 

(n  The  maximum  detection  range  ground-to-air  (observations  ground-to-air  with 
naked  eye  or  with  unsupported  10x50  field  glasses)  was  between  6 and  1 2 km  larger  than  the 
maximum  detection  range  air-to-ground  (observations  air-to-ground  only  with  naked  eye). 

(2)  The  maximum  detection  range  air-to-ground  at  observation  of  the  tank  Leopard 
was  4 km  and  at  observation  of  the  1,5  t military  truck,  it  was  between  2 and  4 km  (the 
horizontal  standard  visibility  was  between  39  and  57  km). 

(3)  The  amximum  detection  range  ground-to-air  at  observation  of  the  Do  27  and  the 
UH  ID  was  between  9 and  16  km  (the  horizontal  standard  visibility  was  between  S3  and  57  km). 

(4)  No  significant  differences  were  got  between  the  maximum  detection  ranges 
ground-to-air  at  observations  with  naked  eye  and  at  observations  with  unsupported  used 
10x50  field  glasses. 

(5)  During  one  single  test  period  the  special  observers  have  detected  the  1,5  t 
military  truck  about  2 km  farther  out  than  the  pilots  resp.  co-pilots. 

3.2  The  maximum  detection  range  resp.  the  maximum  recognition  range  air-to-ground  and 

the  maximum  detection  range  ground-to-air 

In  Figures  10  and  11  test  results  are  shown  in  which  the  maximum  detection  range 
t...  he  maximum  recognition  range  air-to-ground  was  determined  by  means  of  a 1,5  t mili- 
tai  truck.  Criterion  for  the  recognition  was  the  correct  statement  of  the  observers  in  the 
ail  ft,  saying  in  which  direction  - left  hand  or  right  hand  versus  observation  direction  - 
the  driver's  cabin  of  the  1,5  t military  truck  showed. 

The  main  results  of  Figures  10  and  11 

(1)  The  observations  air-to-ground  of  the  pilots  resp.  co-pilots  did  not  result  in 
any  significant  differences  between  the  maximum  detection  range  and  the  maximum  recognition 
rang-  ’he  observation  of  the  special  observers,  however,  resulted  in  the  fact  that  the 
value  -r:  the  maximum  recognition  range  was  2 km  smaller  than  for  the  maximum  detection 
range . 


(2)  The  maximum  recognition  range  was  about  1 km;  the  tests  had  been  conducted  at 
horizontal  standard  visibilities  between  39  and  41  km. 

3.3  Comparison  of  the  maximum  detection  range  and  the  maximum  recognition  range  air-to- 

ground  at  observation  of  a tank  Leopard  and  of  a test  board 

In  the  following  Figures  12  and  13  it  is  shown,  how  the  values  for  the  maximum  de- 
tection range  and  for  the  maximum  recognition  range  at  observation  of  a mjlitary  object 
(tank  Leopard,  1,5  t military  truck)  correspond  with  the  values  received  at  observation  of 
a special  test  board  for  detection  resp.  recognition.  Details  about  the  test  board  used 
can  be  taken  from  chapter  2.2. 

The  main  results  of  Figures  12  and  13 

(1)  The  maximum  detection  range  at  observation  of  the  test  board  was  about  3 km 
smaller  than  the  maximum  detection  range  at  observation  of  the  tank  Leopard  resp.  c-f  the 
1,5  t military  truck. 

(2)  The  maximum  recognition  range  at  observation  of  the  test  board  and  the  maximum 
recognition  range  at  observation  of  the  1 ,5  t military  truck  did  not  show  any  significant 
differences. 
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4.  CONCLUSION 

Ui.  r mainly  idealized  conditions  during  a rather  big  program  of  experiments  in  ^ 
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qutstlon: 

Who  can  see  whom  first,  the  observer  in  the  helicopter  the  tank  or  the  observer 
in  the  tank  the  helicopter? 

"Idealized  conditions"  means,  that  the  tests  took  place  under  most  favorable  con- 
ditions for  observing,  compared  with  the  conditions  of  tactically  correct  behaviour  of  the 
air-  and  ground  vehicles: 

(a)  The  observer  was  familiar  with  the  direction  and  time  of  the  approaching 
aircraft 

(b)  Altitude  and  direction  of  the  aircraft  remained  constant  during  an  approach 

(c)  The  altitude  of  the  approaching  aircraft  was  between  200  an  300  m 

(d)  The  helicopter  (a  Bell  UH  ID)  resp.  the  airplane  (a  Dornier  Do  27)  approached 
from  distances  between  15  and  40  km 

(e)  The  helicopter  resp.  the  airplane  approached  in  front  of  sky  background 

(f)  The  tank  (a  Leopard)  resp.  the  1,5  t military  truck  were  standing  on  a meadow 
without  any  camouflage 

(g)  The  observers  in  the  helicopter  resp.  in  the  airplane  were  familiar  with  the 
position  of  the  ground  targets  and  this  remained  unchanged  during  the  whole 
test  series  subsequently  discussed 

(h)  The  tests  were  only  conducted  at  daylight  brightness 

(i)  For  the  horizontal  standard  visibility  values  between  36  and  57  km  were  ob- 
tained 

To  answer  the  above  question  the  maximum  detection  range  air-to-ground  and  ground- 
to-air  were  determined.  The  maximum  detection  range  is  the  distance,  in  which  an  observer 
can  just  see  an  object  without  being  able  to  say  what  kind  of  obiect  it  is.  Some  tests  for 
determination  of  the  maximum  recognition  range  air-to-ground  - this  is  the  distance  in  which 
statements  about  the  kind  of  the  observed  object  can  be  made  - have  also  been  conducted. 

Among  other  facts  the  tests  resulted  in  the  following: 

(1)  The  helicopter  Bell  UH  ID  and  the  airplane  Do  27  always  were  detected  farther 
out  from  the  ground  than  the  tank  Leopard  and  the  1,5  t military  truck  from  the  aircraft. 

The  maximum  detection  range  ground-to-air  was  between  6 and  12  km  larger  than  the  maximum 
detection  range  air-to-ground.  (The  horizontal  standard  visibility  during  these  tests  was  be- 
tween 39  and  57  km;  observations  out  of  the  air  were  made  with  naked  eye  and  from  the  ground 
they  were  made  with  naked  eye  resp.  with  unsupported  used  10x50  field  glasses). 

(2)  The  maximum  detection  range  air-to-ground  at  observation  of  the  tank  Leopard 
and  of  the  1,5  t military  tiuck  was  between  2 and  4 km,  the  maximum  detection  range  ground- 
to-air  at  observation  of  the  Bell  UH  ID  resp.  of  the  Do  27,  however,  was  between  9 and 

16  km. 


(3)  The  maximum  recognition  ran^e  air-to-ground  at  observation  of  the  1,5  t mili- 
tary truck  was  2 km  smaller  than  the  maximum  detection  range  air-to-ground  respectively 
did  not  differ  significantly. 

(4)  The  maximum  detection  range  air-to-ground  at  observation  of  a special  test 
board  - which  about  corresponded  with  Nato  test  boards  - was  about  3 km  smaller  than  at  ob 
servation  of  the  tank  Leopard  resp.  of  the  1,5  t military  truck. 

(5)  The  maximum  recognition  ranges  air-to-ground  at  observation  of  a special  test 
board  and  of  the  1,5  t military  truck  did  not  differ  significantly. 
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Fig. I Aircraft  Doraier  Do  27 


Air-to-Ground 


Ground-to-Air 


Fig. 8 The  maximum  detection  range  D at  observations  air-to-ground 
and  ground-to-air 

ObserversgrouDd-to-air:  Naked  eye  and  10x50  field  glasses 
Observers  air-to-ground  (pilot  and  co-pilot) i Naked  eye 
Altitude  of  approach:  700  and  900  ft 
Horizontal  standard  visibility:  53-57  km 





Pll.-iCopil . Spec. observers 

Air-to-Ground  Ground-to-Alr 

Fig. 9 The  maximum  detection  range  at  observations  air-to-ground 
and  ground-to-air 
ObserveiB  ground-to-air:  Naked  eye 

Observers  air-to-ground  (pilot  and  co-pilot  reap,  special  observers):  Naked  eye 
Altitude  of  approach:  700  and  900  ft 
Horizontal  standard  visibility:  39-42  km 


Air-to-Ground  Oround-to-Alr 

(Pilot  + Copilot) 


Fig. 10  The  maximum  detection  range  and  the  maximum  recognition 

range  R at  observations  air-to-ground  and  the  maxisum 
a 

detection  range  D at  observations  ground-to-air 

Q 

Observers  ground-to-air;  Naked  eye 
Observers  air-to-ground;  Pilot  and  co-pilot 
Altitude  of  approach;  700  and  900  ft 
Horicontsl  standard  visibility;  39-40  km 


Air-to-Ground  Ground-to-Air 

(Special  observers) 

Fig.U  The  maximum  de'cection  range  and  the  maximum  recognition 

range  at  observations  air-to-ground  and  the  maximum 

detection  range  D at  observations  ground-to  -air 
IB 

Observers  ground-to-air;  Naked  eye 

Observers  air-to-ground  (special  oberservers) : Naked  eye 
Altitude  of  approach:  700  and  900  ft 
Horizontal  standard  visibility:  39-41  km 


Fig. 12  The  maximum  detection  range  at  observations  air-to-ground 
and  ground-to-air 

Observers  ground-to-air:  Naked  eye 

Observers  air-to-ground  (special  observers):  Naked  eye 
Altitude  of  approach:  700  and  900  ft 
Horizontal  standard  visibility:  45-57  km 
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Fig.  13  The  tnaxivum  deteccion  range  and  the  maxinum  recognition 
range  «t  observatione  air-to-ground  and  the  wxivum 
detection  range  U at  observations  ground-to-air 

ffi 

Observers  ground-to-air;  Naked  eye 

Observers  air-to-ground  (special  observers) : Naked  eye 
Altitude  of  approach:  700  and  900  ft 
Horizontal  standard  visibility:  38-41  km 


QUESTIONS  AND  COMMENTS 
ON  SESSION  V 


DECREASE  OF  CONTRAST  IN  THE  ATMOSPHERE;  STATISTICAL  PRESENTATION  OF  THE  RESULTS 
OF  DAYTIME  AND  NIGHTTIME  MEASUREMENTS 


Dr.  Hoflnutn;  Do  you  think  thftt  you  m»y  measure  by  your  system  lor  contrast  measurements  the  in> 
homogenity  of  the  atmosphere  over  the  measuring  range,  for  example,  the  differences  of  the 
extinction  coefficient  between  100  and  200  m,  200  and  300  m and  so  on? 

Dr.  J.  V.  Schie:  In  principle  this  Is  Indeed  possible.  However,  the  accuracy  of  every  measuring 

point  is  comparable  with  the  possible  natural  differences  In  the  extinction  coefficient.  Therefore, 
It  Is  not  possible  to  decide  whether  or  not  the  spread  of  the  measuring  points  in  Figure  4 is  due  to 
natural  differences  In  a or  to  measuring  errors. 


Dr.  Eckl;  Can  you  please  tell  me  how  the  histogram  of  the  reflectance  of  the  atmosphere  (b^)  goes  on 
for  values  greater  than  1.4,  which  you  Integrated  in  the  histogram  with  one  bar? 

Dr.  J,  V.  Schie:  The  measurements  indicated  that  the  histogram  of  b^  for  values  greater  than  1.4  de- 
creases as  a rule  for  every  following  class. 
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Summary  of  Session  V 

PROPAGATION  LtMlTATIONS  ON  SYSTEMS 
by 

Dr.  R,  R.  Allan 


The  Chairman  had  invited  Meaara,  S.  Q.  Duntley,  D.  L.  Fried,  D.  H.  Hohn,  J.  van  Schic  and  R.P.  Urta 
to  form  a panel  for  the  round  table  diacuaalon.  In  Introducing  the  diacuaaion  the  Chairman  aaid  he  had 
been  particularly  impreaaed  by  the  papera  on  compenaated  imaging.  The  theoretical  atudy  by  McGlam- 
mery  illuatrated  the  poaaibilitlea  beautifully,  atarting  from  a photograph  of  part  of  the  moon'a  aurface 
taken  from  Apollo  17.  Thla  waa  transformed  by  computer  aimulation  into  the  correaponding  image  seen 
by  an  Earth-i^sed  teleacope  after  degradation  by  turbulence,  diffraction  1.  siting  and  Polaaon  detector 
noiae.  The  procedure  waa  then  reversed  both  for  poat-detection  proceaaing  and  alao  for  pre -detection 
compenaated  imaging.  There  followed  a diacuaalon  on  the  implicationa  for  teleacope  aystema  of  the 
future. 

Dr.  Fried  pointed  out  that  the  big  problem  which  everyone  aeemed  to  be  ducking  waa  the  meaaurement 
of  the  aeroaol  aize  distribution,  and  the  refractive  index  including  the  absorptive  part,  and  also  the 
shape  of  the  partlclea.  Dr.  Fenn  elaborated  on  the  difficulties  of  making  direct  measurements  of  the 
particle  size  distribution. 

The  topic  of  Ildar  systems  waa  alao  related  to  the  Chairman's  own  interests  at  R.A.E.  , Farnborough, 
England.  He  wondered  whether  enough  was  known  about  how  the  backscattering  might  vary?  Dr.  van 
Schie  confirmed  that  the  backscatter  cross-section  showed  considerable  variations.  There  was  also 
some  diacusslon  of  the  Raman  lidar  approach:  If  there  was  a significant  probability  of  more  than  one 
scattering,  one  would  not  know  at  which  scattering  the  Raman  shift  had  taken  place. 


ADDITIONAL  COMMENTS  ON  SESSION  V 
by 

Professor  S.  Q.  Duntley  and  Dr.  B.  L.  McGlammery 


A panel  composed  of  Dr.  Allan,  Professor  Duntley,  Dr.  Fried,  and  Dr,  Cons ortlnl  summarized  their 
assessment  of  the  present  state  of  knowledge  of  the  effects  of  atmospheric  scattering  and  turbulence  on 
seeing  and  imagery.  It  was  the  concensus  that  more  than  half  a century  of  research  on  this  topic, 
chiefly  at  modest  levels  of  funding,  has  produced  much  theory  and  a considerable  body  of  atmospheric 
optical  data  b..  ' comparatively  little  in  the  way  of  careful  experiments  designed  to  test  the  validity  of 
predictions  of  atmospheric  effects  on  imagery  by  means  of  that  theory  and  optical  measurements  of  the 
atmosphei  ’!^  ven  leas  tested  have  been  the  connections  with  conventional  meteorology.  The  panel 
unanim  . ../nursed  need  for  such  trials,  but  recognized  that  on  the  basis  of  existing  experience 
such  .^vO’ a tend  .j  .;  difficult  due  to  adversities  of  the  outdoor  working  environment  and  to  very 
high  CO  ' . 
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state-of-the-art,  and  provide  interaction  among  the  key  researchers  in  the  NATO  community. 
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optical  propagation,  present  a comprehensive  review  of  optical  propagation,  present  a comprehensive  review  of 

the  state-of-the-art,  and  provide  interaction  among  the  the  state-of-the-art,  and  provide  interaction  among  the 

key  researchers  in  the  NATO  community.  key  reserchers  in  the  NATO  community. 
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